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Abstract 
	
Tailings storage facilities (TSF) are an important infrastructure in any mine as they 
contain waste produced from processing ore minerals. The ecosystem and human 
health risk that a TSF creates, is highly dependent on the nature of the waste produced 
in the process of mineral extraction. At numerous sites, past investigations have found 
mining wastes entering and contaminating the surrounding natural environment as 
well as endangering public health and lifestyle. Traditionally, the main focus of TSF 
management is on managing the risk of dam failure and the resultant impacts on public 
safety. Less attention is placed on the ecosystem processes within the TSF and the 
risks that they can pose to ecosystem and human health 
The Gold Ridge Mine TSF stores tailings high in Arsenic due to the arsenopyrite ore 
body and is characterised by consistently high water levels that are dangerously close 
to overtopping the raised embankment and possibly leading to failure of the structure. 
Water volume stored within the TSF reached full supply capacity of 2.4 million m3 in 
March 2016. A water quality study conducted of the Gold Ridge Mine TSF, revealed 
that concentrations of total arsenic in the surface waters of the TSF are consistently 
high. Arsenic concentrations of both water and sediments exceed the acceptable or 
the environmental health hazard indicators specified by The World Health 
Organisations (WHO) and the Australia and New Zealand Water Guidelines for 
Drinking and Recreational waters. While the concentrations for arsenic in surface 
waters of the TSF varied from 0.005 mg L-1 to 0.089 mg L-1 over the study period, the 
WHO acceptable concentration for domestic use and consumption is 0.01 mg L-1. It 
can be argued that the high Arsenic concentrations are a short-term response to the 
Arsenic-rich tailings being pumped into the TSF due to mine operations. However, the 
fact that 1) the majority of time the water and sediment quality study was conducted 
in, and 2) the period where a significant increase of arsenic concentration in surface 
waters of the TSF was discovered; was after the mine had been abandoned (April 
2014) which nullifies the afore mentioned argument.  
A further study including the quantification of the current arsenic budget was 
undertaken to identify potential sources of arsenic. Arsenic concentrations averaged 
0.045 mg L-1 for top waters and 0.066 mg L-1 for bottom waters in the TSF. Arsenic 
concentrations in the sediments ranged from 210 - 1210 mg kg-1, with a mean of 437 
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mg kg-1, far exceeding the WHO acceptable limit of 8 mg kg-1. Sediment porewater 
arsenic concentrations ranged from 0.05 mg L-1 to 17.5 mg L-1. Therefore, the study of 
the arsenic budget concludes that within the TSF, arsenic is found in both top and 
bottom surface waters, the sediments and in the sediment porewaters however, the 
highest concentrations is found in the sediment and in relation to arsenic present in 
waters, the highest concentration occurs in the sediment porewaters. 
It is therefore evident that the source of elevated concentrations of arsenic in the 
surface waters of the TSF is the sediments. Knowing that within the sediments, certain 
processes occur enabling arsenic to become mobilised; a core incubation study was 
carried out to determine if different oxygen regimes cause arsenic to flux from 
sediments of the incubated cores into the overlying surface waters. Prior to 
commencing the core incubation study, conditions were established in the laboratory, 
to simulate TSF conditions; low light and capping of the cores to allow oxygen to 
decrease in the system. As dissolved oxygen (DO) began to decrease in the system 
of the incubated cores, two patterns of behaviours emerged. 1) cores depicting steady 
increase in arsenic concentration as DO became depleted, and 2) cores showing high 
levels of arsenic across all DO regimes. Flux rates of arsenic from the sediments were 
calculated for the cores under oxic and hypoxic conditions and it was revealed that for 
cores that showed steady increase in arsenic concentration, flux rates in oxic and 
hypoxic conditions was 0.72 mg m-2 d-1 and 1.02 mg m-2 d-1 respectively. Cores that 
produced high arsenic concentrations across all DO regimes termed; hotspot cores, 
on the contrary had extremely high fluxes at 4.45 mg m-2 d-1 under oxic and 7.01 mg 
m-2 d-1 for hypoxic conditions.  
Flux rates for hotspots areas, under both oxic and hypoxic conditions are alarmingly 
high. Therefore, a mass balance inventory of arsenic in the TSF is developed that will 
ascertain the amount of arsenic present at any given time in the TSF. Having an 
understanding of the amount of arsenic and the temporal dynamics in the TSF can 
enable appropriate stakeholders to formulate strategies for rehabilitation of the TSF. 
At the same time this information strongly suggests that although dewatering the TSF 
is the best and safest mode of action to reduce water levels and minimise likelihood 
of catastrophic events such as TSF collapse, consideration needs to be given to long-
term management. This study has highlighted that arsenic will continue to be released 
from tailings into the water over the long-term and rehabilitation and remediation of the 
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TSF is the best possible long-term solution to minimise risks to the environment and 
subsequently to human life.  
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Chapter 1 General Introduction and Background 
	
1.1 Introduction to arsenic  
 1.1.1 Uses  
Arsenic is a ubiquitous element, occurring in atmosphere, water, rocks, soil and 
organisms (ranking 20th in crustal abundance). In a study of the environmental 
biochemistry of arsenic, it is stated that in the earth’s crust, the average concentration 
of arsenic present is 2 – 5 mg kg -1  (Tamaki and Frankenberger, 1992). More recently, 
it was determined that the geochemical abundance of arsenic in crustal rocks is 4.8 
mg kg-1 (Rudnick and Gao, 2014).  For soils, the concentration levels of arsenic differ 
across geographic areas with a mean of 5 mg kg -1 (Mandal and Suzuki, 2002; Heikens 
et al., 2007). In natural waters, arsenic concentrations vary from <0.5 µg L-1  to > 5000 
µg L-1 (Smedley and Kinniburgh, 2002), while in groundwater, concentrations for 
arsenic is found to be 0.5 – 5000 µg L-1 (Ravenscroft et al., 2009) and in freshwaters, 
arsenic concentrations is less, ranging from 0.15 -0.45 µg L-1 (Smedley and 
Kinniburgh, 2002; Singh et al., 2015). Arsenic and other trace elements are introduced 
into natural waters via rock weathering, anthropogenic activities and atmospheric 
depositions (wet and dry) (Gaillardet et al., 2014). It has an atomic weight of 74.92 and 
an atomic number of 33 and belongs to Group V of the periodic table (Wang, 2007; 
Peterson, 2005). The widespread use of arsenic by industry has led to accumulations 
of arsenic containing compounds in sediments and soil (Smedley and Kinniburgh, 
2002). These uses include medicine, cosmetics, poison, electronics, agriculture 
(rodenticides, pesticides and herbicides), bronzing and pyrotechnics and furthermore, 
it is still used in wood preservation and as a desiccant (Ferguson and Gavis, 1972; 
Bhumbla and Keefer, 1994; Morton and Dunnette, 1994; Smedley and Kinniburgh, 
2002). Table 1-1 describes common commercial uses of arsenic in modern day. 
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Table 1-1: Present day common uses of arsenic 
Sector Uses 
Agriculture Pesticides, insecticides, defoliants, wood preservatives, tree 
debarking, sterilant of soil 
Electronics Solar cells, applications in semiconductors, light emitting diodes 
particularly in digital watches and optoelectronic devices 
Industry Anti-fouling paints, catalysts, ceramics, dyes, electrography, 
glassware, pharmaceutical substances and soap 
Livestock Algaecides, dips for cattle and sheep, disease prevention for 
heartworm infection and swine dysentery, feed additives 
Medicine Amebiasis, anti-syphilitic drugs, sleeping sickness and 
trypanosomiasis treatment 
Metallurgy Alloys for automotive body solder and radiators and as hardening 
agents of battery plates. 
Reproduced from Azcue and Nriagu (1995) 
	 1.1.2 Environment and health implications 
Arsenic in the environment is attributed to natural sources such as volcanoes and low 
temperature volatilization which contributes 97% of natural arsenic (Ng, 2005). 
Polizzotto (2006) suggests sediments may also act as reservoirs for natural solid 
phase arsenic, including other metals and in turn,	 become sources (geogenic) of 
arsenic including arsenic contamination in groundwater, for example in Bangladesh 
and West Bengal. Natural reservoirs of arsenic are rocks, ocean, soil, biota and the 
atmosphere (Bhumbla and Keefer, 1994). Arsenic can be introduced into the 
environment via anthropogenic activities such as from industrial uses and mining. The 
main constituent of more than 200 mineral species, arsenic is closely connected to 
cadmium, lead, silver, gold, antimony, phosphorus, tungsten and molybdenum ores in 
increased concentrations around areas of mineralisation. Arsenopyrite is found to be 
the dominant arsenic mineral in base-metal and gold bearing ores (Martin and 
Pedersen, 2002), therefore mining these ores, increases the load of arsenic to the 
environment. The mining process can result in release of arsenic to the environment 
where it can be taken up by plants as well as animals and humans, which is a 
significant risk given the toxicity and carcinogenic nature of arsenic as well as its high 
bioavailability (Masson et al., 2007). Some cancers including those of the colon, 
	 3	
bladder, lung, liver, kidney and skin have been linked to arsenic exposure through 
drinking contaminated water (Pearce et al., 2012; Singh et al., 2015; Maharjan et al., 
2005; Abdul-Wahab Sabah Ahmed and Ameer, 2012). In Bangladesh, where arsenic 
contamination of groundwater is a major problem for drinking water and agricultural 
irrigation, the origin of arsenic is geogenic (Heikens et al., 2007; Hossain, 2006). 
Concentrations of arsenic in well waters (groundwaters) of Bangladesh ranges from 
<10 - >1000 µg L -1 (Singh et al., 2015). The recommended limit of arsenic in drinking 
water is 10 µg L -1 (WHO, 2011a). However, studies have indicated that most 
developing countries from Asia including Bangladesh, are being exposed to arsenic 
concentrations that are five times (50 µg L-1 ) and even more than the recommended 
WHO guideline limit (Singh et al., 2015; Lin et al., 2013). For example, the highest 
concentration of arsenic recorded in Bangladesh is 4730 µg L-1 (Rahman et al., 2006). 
Exposure to soil containing high concentrations of arsenic have recently been linked 
to cancers. For instance, in the Central Victorian gold fields, studies have shown that 
there is an increased risk of breast and prostate cancers, chronic myeloid leukaemia 
and melanoma in inhabitants of areas that had elevated arsenic concentrations due to 
a history of mining during the gold rush period (Pearce et al., 2012; Sultan, 2007; 
Ramirez-Andreotta et al., 2013; Martin et al., 2015). The concentration of arsenic in 
soils studied in Central Victoria ranged from 7.4 to 396 mg kg -1 averaging 39 mg kg -
1  (Sultan, 2007). This value exceeds the accepted environmental value of 20 mg kg -
1 as specified in the ANZECC (1992).  
From the episodic baseline information gathered about the Gold Ridge mine, it was 
determined that arsenic had a naturally elevated status in the Gold Ridge area (Golder 
Associates, 2005a). Stream sediment sampling conducted as reported by Ross Mining 
indicates that the Chovohio River (Figure 1-1) had arsenic concentrations varying from 
9 – 54 mg kg -1 (Golder Associates, 2005a). This high concentration is due to the fact 
that the mineralised area of Gold Ridge drains into this river. It was also established 
that highest concentrations of arsenic were found at the toe of the waste rock dump 
(603 mg kg -1), at the edge of the pit (572 mg kg -1) and gradually decreased down the 
Chovohio River with sites recording arsenic concentrations at 202 mg kg -1, 152 mg 
kg -1 and finally 23.9 mg kg -1 at the half way point of the river with respect to the coast 
from the mine site (Golder Associates, 2005a). A recent aquatic baseline study of the 
Gold Ridge area also found arsenic concentrations in the TSF waters (0.010 – 0.089 
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mg L -1) and sections of rivers near the mine site (0.007 – 0.009 mg L -1) to contain 
levels of arsenic similar to and higher than the recommended WHO (2011) (Albert et 
al., 2016). The values for arsenic of Gold Ridge Mine and surrounding areas may not 
seem to be dangerously high, however this clearly points to a case of chronic exposure 
to arsenic. Chronic exposure to arsenic toxicity affects organs of humans leading to 
skin lesions and cancers as well as peripheral vascular disease (Duker et al., 2005). 
The effects of chronic exposure to arsenic has been verified and reviewed by Webb 
(1966) and Pershagen (1983). 
	 1.1.3 Arsenic mobilisation 
Mobilisation of arsenic in the environment is the focus of many detailed studies 
resulting in a number of presented pathways by which arsenic is mobilised. These 
pathways include;  
• biogeochemical cycling of arsenic connected to iron, sulphur and organic 
carbon (Harvey et al., 2002; O'Day et al., 2004),  
• redox reactions in sediment depths (Banks et al., 2012; Horppila et al., 2015),  
• absorption by suspended particulate matter, co-precipitation, desorption 
(Campanha et al., 2012) and 
• biological transformations, including microbial mobilisation (Mok and Wai, 
1994; Ahmann, 1997).  
While the mentioned theories of mobilisation, are generally accepted, additional 
studies in the field have indicated that some of the mechanisms are not well known. 
These include;  
• arsenic-iron kinetics (Couture et al., 2010), 
• the role that sulphur plays in oxidising trivalent arsenic, hence mobility in 
sediment (Helz and Toswell, 2008) and in addition,  
• combined influences of high pH and carbonates (NaHCO3 ) playing 
significant roles in mobilizing arsenic from subsurface sediments and 
surfaces of iron oxides (Anawar et al., 2003). 
In the case of Bangladesh and West Bengal, contamination of groundwater by arsenic 
is proposed to have occurred via two mechanisms, the first due to arsenic rich pyrite 
being oxidised by atmospheric oxygen as a result of lowering of the water table and 
the second, through the action of organic matter causing reduction of iron 
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oxyhydroxides (Anawar et al., 2003; Polizzotto et al., 2006; Bhowmick et al., 2013; 
Ahmed et al., 2004; McArthur et al., 2004; Smedley and Kinniburgh, 2002; Zheng et 
al., 2004). It was concluded by Anawar (2003), that the main process by which arsenic 
is released  is via the dissolution of iron and manganese oxyhydroxides and in addition 
sodium bicarbonate and high pH contributes to strong leaching of arsenic from 
sediments. On the other hand, unexplained observations from studies carried out on 
arsenic release in groundwater of Bangladesh suggest the need for more 
comprehensive understanding (Polizzotto et al., 2006). 
	 1.1.4 Geochemistry and Toxicology  
Li (1995) suggested that due to the increasing health and ecological effects attributed 
to accumulation of heavy metal contamination in the environment, there is a need to 
enhance knowledge of how these heavy metals are mobilised and made bioavailable 
in the sediments and soils, to be able to cultivate strategies to solve the associated 
problems. Metals and metalloids are made bioavailable when they become free during 
reactions of adsorption and precipitation within sediments and soils whereas the 
degree of adsorption depends on properties of the metal (Alloway and Ayres, 1997). 
Arsenic is known to exist and be stable in a number of oxidation states (+5, +3, 0, -3) 
as inorganic and organometallic species. In freshwater, arsenic occurs predominantly 
as oxyanions of As(III) (trivalent arsenic) and As (V)(pentavalent arsenic) and methyl 
arsenicals (monomethylarsonous acid –MMA and dimethylarsinic acid – DMA) to a 
lesser degree (Ferguson and Gavis, 1972; Mok and Wai, 1994; McIntyre and Linton, 
2011).   
In soils, As (III) and As (V) are the key forms of arsenic, where As (V) is less mobile 
and toxic than As (III), given its strong sorption to mineral characteristics (Matera et 
al., 2003). Both As (V) and As (III) adsorb onto clay, organic matter, calcium 
carbonates and surfaces of Al, Mn and Fe oxy (hydroxides). Adsorption depends on 
the soil colloids factors such as pH, hydration, cation coordination, specific adsorption 
and crystallinity and therefore it is an ambiguous and complex process. However, Al 
and Fe oxy (hydroxides) are most favoured surfaces for adsorption (Sadiq, 1997). In 
a study conducted on the reductive processes that control arsenic retention, it was 
discovered that As (III) is adsorbed to a greater extent than As (V), however it desorbs 
more quickly suggesting that weaker bonding to Fe and Al oxy(hydroxides) compared 
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to As (V) therefore is more mobile (Tufano et al., 2008)  When arsenic bearing minerals 
in soils, are oxidised, arsenic can be mobilised into surface and groundwater.  
Groundwater contamination is a major health risk and at present affects 60-100 million 
people in Bangladesh, India, parts of Asia (South and South-East), South Americas 
and Europe (Ng, 2005; Santra et al., 2013). Humans, plants and animals are affected 
by toxicity of arsenic, where toxicity is governed by the oxidation state and chemical 
forms of arsenic and with recurrent exposures, humans can be victims of a variety of 
serious health problems such as cancer (Cho et al., 2013; Santra et al., 2013). Despite 
many studies on the carcinogenic nature of arsenic, the manner of which arsenic 
causes cancer is still unclear (Ng, 2005). Naqvi (1994), Tseng (1977) and Hsueh 
(1995) in Santra (2013) implore that arsenic is more a cancer promoter than an initiator 
and risks are dependent on dosage. Intake of arsenic by humans is via direct 
consumption of arsenic contaminated water as well as water mixed with other 
beverages and food. Dietary sources is another form of arsenic intake for humans 
especially rice, tuberous vegetable, leafy vegetables, particularly those that had been 
subjected to irrigation with arsenic contaminated water  (Bhattacharya et al., 2013; 
Hossain et al., 2013; Santra et al., 2013). This is a problem in developing countries 
such as Solomon Islands, especially for communities existing in regions that have 
arsenic as part of their geology, enhanced by mining activities. The presence of an 
abandoned mine in the vicinity of communities also presents contamination from 
arsenic and other hazardous elements. 
1.1.5 Arsenic, Industry and Mining 
Of the anthropogenic sources of arsenic, industrial uses and mining contributes the 
most contamination of arsenic to the environment. Ng (2005), outlines that industrial 
sources of arsenic contamination  in USA come from wood preservatives (70%), 
agriculture chemicals (22%), glass and nonferrous alloys both 2% and other uses 
(2%). The act of mining, refining mined metals, concentration of ores containing 
arsenic; such as gold, and final disposal of tailings contributes to arsenic 
contamination of the environment surrounding a mine site. This may impact 
communities living in the vicinity of these mines. According to Kwon et. al (2012), 
efforts have been made to evaluate mining activities and the impacts of arsenic 
exposure on people. In one such study, it had been revealed that risk of cancer from 
arsenic exposure related to mining was 50 in 10,000 people, which surpasses the 
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acceptable risks as regulated, of 1 in 10,000 persons (Kwon et al., 2012). 
Industrialisation	in South Korea produced many metal mines. As many as 900 mines 
had been either abandoned or closed. A study conducted on urine arsenic levels of 
people exposed to these abandoned mines compared to those not exposed, 
concluded that urine levels are higher in the exposed group (Cho et al., 2013). This 
demonstrates that arsenic due to mining still affects people even after the mine has 
closed for decades. Abandoned mines have the greatest potential of being point 
sources of arsenic contamination to the surface environment through drainage from 
metalliferous mines and tailings dams. Conversely, not all research show that 
contamination from arsenic related to mining culminates in death as indicated by a 
survey conducted on arsenic mining waste and soils in south west England, where 
minimal human mortality occurred. Cattle, on the other hand bore the brunt of toxicity, 
suffering respiratory distress and dysentery from grazing on contaminated soil (Bell 
and Donnelly, 2006).	
1.2 Research project background and objectives 
         1.2.1 The Gold Ridge mine – Project History 
The Gold Ridge Mine in the Solomon Islands (Figure 1-1), had its beginnings in 1963 
when gold that was discovered at the river mouth of the Matepono river in 1568, and 
later in the Gold Ridge catchment in 1931, were traced back to the bedrock and soils 
of Gold Ridge. Both alluvial and elluvial gold was discovered in deposits on hillsides 
and gullies (Godfrey et al., 2011b; Tolia and Petterson, 2005) . From then on, a number 
of exploration companies (See Appendix I for list of companies) endeavoured to 
quantify the deposit to determine its potential by conducting sampling, drilling and 
feasibility studies. Construction of the mine began in 1997, with mining commencing 
in 1998. From 2000, the mine was prematurely closed due to civil unrest (Godfrey et 
al., 2011b). In 2010, production once again commenced on Gold Ridge but was short-
lived as the mine shut down again in 2014 due to a combination of low profitability and 
flooding. 
The Gold Ridge mine, is a 2 Mtpa open pit mine operation and  is relatively small by 
mining standards producing only 2 million tonnes per annum (Golder Associates, 
1997).  
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Figure 1-1: Location of Gold Ridge mine site and TSF (left) and the TSF with respect 
to nearby stream and rivers (right) (Earth, 2018). 
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Operations commenced in 1998 and ceased in 2000 due to civil unrest. By this time a 
total of 4.4 million tonnes of ore from one of the four named deposits had been treated 
(Butcher, 2012). The mine reopened and commenced production in 2011 and shutting 
down again in 2014 due to heavy rains and high operating costs. During the peak of 
operations, mining did contribute to the GDP of the country. For instance, in 2013, 
mining production accounted for 13% of the GDP. Since closure of mining, this has 
had a profound effect on negative growth, affecting the economy of the country as a 
whole including exports (CBSI, 2013). 
   1.2.1.1 Gold Ridge Mine and the civil unrest 
The civil unrest that occurred from 1998 – 2003 was a result of an uprising by people 
from Guadalcanal fuelled by their disagreement towards immigrants that have settled 
on their land, this mostly included people from Malaita. However, the underlying issues 
as suggested by many researchers of this unrest, pointed towards a complex 
historical, more socio-economic and political rather than a war between two different 
island groups (Liloqula and Pollard, 2000; Fraenkel, 2004; Wainwright, 2003; Dinnen, 
2002; Bennett, 2002; Allen, 2013; Kabutaulaka, 2001). It was pointed out by 
Kabutaulaka (2001), that to understand the civil unrest, one must look at the process 
of change instead of using ethnicity as the cause of conflict/unrest as is the case in 
the Solomon Islands where he believes that ethnicity was just a means to express 
frustrations. The main underlying issues and causes of the civil unrest or ethnic tension 
were  
• policies and strategies of successive governments which were ineffective to 
develop natural and human resources (Kabutaulaka, 2001; Liloqula and 
Pollard, 2000; Bennett, 2002), including absence of institutions and systems 
whereby people are able to express their interests and to sort out any 
disagreements or problems effectively 
• the inadequate planning of large-scale development of resources, its 
exploitation and inequitable dissemination of benefits. A large portion of the 
country’s natural resources had been exploited depriving sustenance of 
communities including human development, leading to social problems 
(Liloqula and Pollard, 2000; Kabutaulaka, 2001; Allen, 2013) 
• Disproportionate development, migration and population pressure – due to 
centralised development during pre-and post-independence (1978), economic 
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opportunities such as employment and social services were concentrated in 
other smaller government stations but mainly in Honiara. This led to mass 
migration of people to Honiara seeking these opportunities. Overtime, 
migrants/settlers/outsiders settled in Honiara and the outskirts/boundaries of 
Honiara, acquired land from indigenous landowners (both legally and illegally 
through squatters) causing a resentment towards these settlers when wishes 
and rights of landowning groups including traditional customs and culture were 
disregarded (Bennett, 2002; Liloqula and Pollard, 2000; Fraenkel, 2004) 
• Need for institutional and constitutional changes and in addition, roles of these 
institutions such as the media, state, churches and even schools particularly in 
regard to the ethnic discourse (Kabutaulaka, 2001)  
• British decolonisation – ever since gaining independence the state had been 
failing (Fraenkel, 2004). Being an independent country was not part of the 
Solomon Society (Fraenkel, 2004; Kabutaulaka, 2001; Liloqula and Pollard, 
2000) 
Gold Ridge Mine – The mine is also seen as a cause and a target of the civil unrest 
as described by Evans (2010). In 1998, Guadalcanal leaders submitted some 
demands to the National Government. One was a demand that 50% of all revenue 
made through investment located on Guadalcanal Province (levies, taxes and 
business fees and licenses) be given back to the Province (Kabutaulaka, 2001; Evans, 
2010). This indicates viewpoints (of many Guadalcanal Militants), that development 
on Guadalcanal supported the whole country to the disadvantage of the indigenous 
people of Guadalcanal. On top of this, the Gold Ridge Mine was also the subject of 
resource-related grievances particularly for the Weather Coast people of Guadalcanal 
(making up majority of militants) who have long expressed inequalities in benefit 
sharing from Gold Ridge Mine (Evans, 2010; Allen and Dinnen, 2010). The resentment 
of Guadalcanal people was further exacerbated, when police, mostly Malaitan were 
stationed at the Gold Ridge mine for security purposes in 1998. The Gold Ridge Mine 
at the time had a workforce of 400 locals, mostly Malaitans and furthermore many had 
married and assimilated into Guadalcanal communities. Thus, resulted in fights 
between the youth living around Gold Ridge and the police. May 1999 saw the 
expulsion of Malaita people out of Gold Ridge and other parts of Guadalcanal by the 
militants (Evans, 2010; Fraenkel, 2004). Mining operations continued despite the 
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fighting around Gold Ridge beginning of 1999 but became more difficult towards the 
second part of the year due to accessibility problems (roadblocks by militants), 
displacement of people and fighting (Fraenkel, 2004; Fraenkel et al., 2010; Evans, 
2010). The decisive moment with regards to the mine operations, occurred on 5th of 
June 2000 when the police armoury was raided by Malaita militants and police. On the 
same day, the Gold Ridge Mine was also raided by Guadalcanal militants in a 
response to quickly obtain weapons and vehicles. Thereafter, the mine’s 
infrastructures were looted, burned and shot at, leading to an indefinite suspension 
and closure of the mine (Evans, 2010). 
Due to this closure, infrastructure on Gold Ridge, including the TSF was abandoned, 
which is a primary reason for the tailings dam to fill up with water. The civil unrest and 
its impacts has produced lessons that the Government should learn from and 
introduce effective policies. This includes proper consultation on types of 
developments, the role of the national government with regards to customary authority 
in these developments and a clear understanding of the benefit sharing. For Gold 
Ridge and other large-scale developments, proper planning and strategies to 
effectively manage such on-site development in any crises is also crucial. 
The mine covers a land area of 30 km2 and it is classified as a low grade with high 
tonnage project. According to Tolia (2005) and Godfrey (2011), known deposits at 
Gold Ridge are low-sulphidation epithermal deposits with mineralisation 
predominantly via veining and alteration. The sulphide content in the deposit is in a 
form of pyrite-marcasite and minor amounts of arsenopyrite, sphalerite, galena and 
chalcopyrite in decreasing order of abundance. Gold within the area exists as an 
electrum with pyrite, coarse gold especially in oxide zones and in veins of quartz-
carbonate (Tolia and Petterson, 2005; Godfrey et al., 2011b). The nature of ores at 
Gold Ridge are contemplated as ranging from “free milling” to refractory with recovery 
of gold in ranges after processing via conventional cyanidation (Godfrey et al., 2011a). 
The arsenic content in fresh and transition ores contributed to gold recovery issues, 
however it is not impacted by oxide ores (Godfrey et al., 2011a). Gold Ridge mine has 
a reserve of 26.17 million tonnes (in 4 separate deposits) mined at 1.61 g t-1. This 
indicates that for every tonne of rock excavated and processed, only 1.6 grams of it is 
extracted gold. The same situations are encountered in countries that have mining, 
and in addition, now that high grade mineral ore is depleted, mining operations are 
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now focussed on low grade ores. The disadvantage of mining low grade ores is that 
excessive amounts of rock are now moved and processed for limited precious metals, 
resulting in a higher tonnage of waste (Schoenberger, 2016; Adiansyah et al., 2015). 
According to Mudd (2007), ore grades are declining, adding significant pressures on 
the environment. Not only is the environment impacted by the increase in volume of 
tailings and solid waste, but as ore grades decline, production and emission rates of 
carbon dioxide also increases. Wastes from mining may include sulphide minerals, 
depending on the type of ore mineralisation and are discarded in a number of ways 
including direct discharge into rivers and seas, in disused open pits and majority of the 
time into dams that have been constructed of mine waste (Schoenberger, 2016; Edraki 
et al., 2014). As a result, environmental disturbances are unavoidable. On the other 
hand, environmental disasters that would lead to social disasters can be avoided. 
Proper management of tailings and tailings storage is one important area that if 
managed correctly can reduce the likelihood of environmental disasters 
(Schoenberger, 2016). Water management in TSF’s is a critical problem as currently 
demonstrated in the case of Gold Ridge mine. A failure to manage water as well as 
actual tailings may result in unfortunate consequences such as dam collapse and even 
overtopping of the embankment wall, severely impacting the surrounding natural 
environment and communities as seen in the failure of the Los Frailes and Baia Mare 
TSF (Adiansyah et al., 2015). Therefore, the results from this research, while it will not 
solve all the issues that the Gold Ridge TSF is faced with, has addressed a knowledge 
gap that can be used by managers to make decisions on the challenges faced.  
1.2.2 Waste Rock 
While ore is trucked to a crusher and conveyed to the mill, the low-grade material and 
the waste is stockpiled or dumped in an uncontrolled waste rock dump adjacent to the 
mine pit area. In the first 4 years of operations (2010-2014), approximately 4 million 
tonnes of material was mined of which 2 million tonnes of ore was processed and 0.3 
million tonnes of low grade ore was stockpiled for possible future processing (R.T.Z 
Consultants Ltd, 1996). From these 4 years of operations, a total of 2 million m3 of 
tailings was produced (Golder Associates, 2005b). Waste rock is an issue for Gold 
Ridge mine, making up more in tonnage compared to actual ore being mined as 
reflected in table 1-2 showing the performance for the company’s operations in four 
quarters of 2011 and 2012 (GRML, 2012). 
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Table 1-2: Gold Ridge Production Quarterly Performance 2011-2012 for the amounts 
of total mined material and portions of ore, waste, milled, recovery, how much gold 
was produced and how much was sold. 
 Sep Q 2011 Dec Q 2011 Mar Q 2012 June Q 2012 
Ore (t) 566829 453125 493309 532253 
Waste (t) 801430 838554 911422 765075 
Total mined (t) 1368259 1291679 1404731 1297328 
Milled (t) 459990 446204 538609 472609 
Grade (g/t) 1.98 1.81 1.54 1.46 
Recovery (%) 69.7 72 71.6 76 
Gold produced 
(oz) 
20.186 18.794 19.056 16.845 
Gold sold (oz) 15.698 17.086 21.782 17.338 
	
The waste rock dump (WRD), in addition to stockpiles, mining pit, quarries, run of mill 
(RoM) pad, landfills and roads are the main contributors of suspended sediments in 
any runoff. Fortunately for the TSF, the waste rock dump is situated in a catchment 
that is not connected to the TSF catchment and therefore there is no contribution of 
sediments to the TSF from the WRD. Measures to suppress and control the sediments 
are; bunding, sediment fences and gabion baskets, however they are all reported to 
be ineffective due to too high flows especially during the wet season as well as due to 
lack of maintenance (GRML, 2011).  
1.2.3 Tailings production and storage 
Operations at the Gold Ridge Mine include, ore extraction and transportation to the 
mill, crushing and grinding (comminution) thereby reducing particle size, concentrating 
of the ore (cyanidation) using vat or tank leaching where the ore and solvent is kept 
for a specified amount of time in tanks having agitators (Carbon-In-Pulp or Carbon-In-
Leach) during which the gold gets adsorbed onto activated carbon. The gold-laden 
carbon is washed with acid before being further processed through elution in which 
the gold is stripped from the activated carbon, by solutions such as NaOH and NaCN3 
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resulting in a pregnant solution that undergoes electrowinning with gold bearing sludge 
collecting at cathodes. This is then dewatered and oven dried and finally smelted in 
furnaces to produce gold doré bars (UNEP and OCHA, 2014). 
The by-product of this processing is tailings which contain process chemicals such as 
cyanide, slurry (clay- rich) and metalloids such as arsenic and other heavy metals. 
Before the tailings are transported to the TSF, they are put into thickeners located on 
the plant site which is an added advantage as it is revealed that tailings at Gold Ridge 
have poor settling characteristics (R.T.Z Consultants Ltd, 1996). 
These tailings are piped to the tailings storage facility (TSF) located at a lower 
elevation (20 - 70 mRL) 8 km north of the plant site (Golder Associates, 1998). The 
tailings dam in use is a conventional CIL/CIP dam which was constructed to provide 
sufficient storage of tailings for the first 2 years of output and be progressively raised 
using the upstream method as mining progressed. According to (Associates, 1998), 
the construction of the tailings dam was to be accomplished over 5 stages, where at 
the end of each stage, the tailings dam is projected to cope with a 1 in 100 year 90 
days wet period. The maximum height of the TSF is 50 m having a crest at 70 mRL 
with a capacity of 22,308,000 m3 (crest of wall) and 21,000,000 m3 (1 m of freeboard) 
(Golder Associates, 1997). Slurry (crushed ore + water) from the processing plant is 
pumped to the TSF, where the slurry settles and the water is pumped to a return water 
dam (RWD) before piped back to the processing plant to be reused. The TSF is 
situated at the end of an incised valley of a restricted catchment (Figure 1-1), meaning 
that it is isolated from two rivers on its east and west sides (Golder Associates, 1997). 
The TSF is one of five components making up the tailings storage system, the other 
components being the return water dam (RWD), settling pond, discharge pond and 
the saddle dam containing the spillway. The tailings storage system is involved in a 
close circuit system (Figure 1-2) for management of water balance in the mining 
operations.  
Tailings (water + slurry) from the processing plant is discharged to the TSF, where 
settling of slurry occurs resulting in supernatant water which gets pumped up into the 
RWD at the head of the valley, to be reused in the processing plant. During operations, 
this closed system  allows for only tailings to be stored in the TSF and according to a 
report by Golder Associates in 2005, the TSF was not designed to store water but hold 
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only a decant pond at a distance from the embankment, having a depth between 2-3 
m and holding less than 130,000 m3 of water (Golder Associates, 2005b). 
Currently, the volume of the tailings in the dam is estimated to be 7,915,000 m3 across 
the whole dam (Albert et al., 2018). Therefore, considering the conditions that the 
tailings dam is in now, which is a near full capacity, the TSF holds 2,740,000 m3  of 
water, over 7,915,000 m3 of tailings (Albert et al., 2018). 
 
	
Figure 1-2: Water management	in the Gold Ridge mine showing a closed-circuit loop 
where water from the processing plant is piped to the tailings storage facility and the 
supernatant water is pumped to the return water dam and back to the processing 
plant to be reused.	
If the TSF stores more water than it is supposed to, the supernatant water is treated, 
in a treatment plant, with ferric chloride and hydrated lime to treat arsenic including 
heavy metals allowing them to precipitate; and additionally, with hydrochloric acid and 
sodium chlorite to remove cyanide (UNEP and OCHA, 2014; Golder Associates, 
2005b) . Following treatment, the treated supernatant water is pumped to the settling 
pond for further settling before flowing via gravitational force into the discharge pond 
where it is finally pumped and dewatered into the nearby river. In this way, a neutral 
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water balance is maintained for the mine, however, the high amounts of rainfall that 
the area receives can disturb the balance. Since the closure of the mine in 2014, the 
TSF has entered a positive water balance and has accumulated water from several 
major rainfall events. The positive water balance was also a consequence of the 
mismanagement of the TSF as investigated by Togamana et al. (2013), concluding 
that the mining company had used fresh river water in the processing plant instead of 
reusing water from the TSF via the RWD. Since river water was used, it would be 
expected that river water chemistry would impact on TSF water chemistry such as 
significant presence of organic matter. However, as indicated in the study, organic 
matter (OM) was present but the percentages of OM were all less than 5% (see 
Appendix A). In April 2014, heavy rains resulted in flooding, causing damage to mine 
infrastructure where the company suffered losses and damages leading to the 
abandonment of the mine for the second time. The water level continued to rise in 
2015 reaching a volume of 2.4 million m3 covering 65 hectares before spilling 
uncontrollably over the spillway in March 2016. It is estimated that 200,000 m3 of 
untreated water from the tailings dam was introduced into the Tinahulu River through 
emergency pumping, and the Kwara River through uncontrolled discharge 
(Armbruster, 2016). 
1.2.4 Waste water 
All surface water runoff and waste water accumulated on the mine site are supposed 
to be channelled to discharge at the TSF, where it is subjected to treatment before 
being discharged into the nearby Tinahulu River. The water treatment plant located at 
the vicinity of the TSF performs two units of operations; unit 1 uses hydrated lime and 
ferric chloride to precipitate arsenic and other heavy metals while unit 2 uses sodium 
chlorite and hydrochloric acid to remove cyanide and bacterial coliforms. Following 
treatment, the water is transferred to the settlement pond, from which the treated 
supernatant water flows by gravity into the discharge pond and finally pumped and 
discharged into the Tinahulu River (UNEP and OCHA, 2014). 
The history of water treatment at Gold Ridge mine is fairly recent. The first dewatering 
occurred in December 2009 to November 2010 upon commissioning of a chemical 
water treatment plant. Some unfortunate events that occurred thereafter as a result of 
disagreements from the community resulted in the destruction of the chemical water 
treatment plant and did not eventuate in an immediate resolution. During this period 
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of disagreement, water continued increasing in the TSF and no water treatment 
actually took place, although applications to dewater was made by the company to the 
Ministry of Environment. Water treatment commenced after the uncontrolled discharge 
at the spillway in 2016 and continued occasionally facing interruptions due to shortage 
of fuel and chemicals. The issue, faced with the water treatment, is the heavy rainfalls 
that the area experiences, results in the merging of the settlement and discharge 
ponds which reduces the effectiveness of treatment. 
1.2.5 Environmental management 
The day-to-day environmental management of Gold Ridge appears to have been of a 
high standard with transparent documentation and rapid mitigation of any acute 
incidents. Although several significant incidents such as the Carbon in Leach tank 
slurry spill in 2011, the Choke Station pipeline rapture and subsequent slurry spill and 
others as documented in Appendix B, the company appeared to handle these 
incidents appropriately in that the extent of contamination did not eventuate in 
widespread hazards. However, it appears the chronic environmental risks posed by 
the TSF have been poorly managed. Even with the mine actively operated and 
managed, water levels in the TSF continued to increase to dangerous levels with 
respect to the spillway and the embankment crest. Gold Ridge mine has endured two 
periods of closure since its inception in 1998. The first closure lasting for over a decade 
and the recent one for almost 3 years. In these periods of abandonment, there is 
limited ongoing monitoring and management of the TSF.  
	 1.2.6 Implications of mining towards Gold Ridge community. 
Although the Gold Ridge mine is considered small by world standard, its impacts 
extend to areas downstream of the mine and beyond, for instance, if the contaminants 
were carried by the rivers. Figure 1-3 illustrates the proximity of communities to the 
Gold Ridge Mine or the TSF as being part of the mine, as well as two rivers that drain 
the catchment that the mine is situated upon. If in the event of a natural disaster 
causing a spillage of the TSF into the waterways, then 8, 000 people and their 
livelihoods would be affected. The worst-case scenario of a collapse of the TSF dam 
wall would likely be catastrophic to downstream communities and the Oil Palm industry 
which is a significant contributor to the national GDP. 
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Figure 1-3: Location of communities and palm oil industry downstream of the TSF 
that are likely to be impacted in the event of an environmental disaster at the TSF. 
The waste rock dump located adjacent to the plant site is in the catchment of the 
Matepono River and although this catchment is not directly connected to the 
catchment containing the TSF, it has more potential to introduce heavy metals and 
arsenic into the environment impacting communities. Given that the deposit on Gold 
Ridge is a low sulfur disseminated gold/silver system and the mineralisation is 
narrowed to coarse grained grits and conglomerates of the Gold Ridge Volcanics 
altered to chlorite/carbonate/pyrite as well as kaolinite and silica pyrite, it has been 
determined that naturally occurring arsenic and other elements show elevated 
concentration levels and as such rivers are likely to have elevated levels as well 
(Golder Associates, 2005a). Despite the fact that soils in the waste dump are non-
sodic and hence less susceptible to erosion, high rainfall that is characteristic of the 
area and the fact that this mine is located on steep terrain can result in runoff as well 
as erosion (Golder Associates, 2005a).  
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An analysis of the rivers downstream of the pit, plant site and WRD, indicates arsenic 
concentrations exceed the upper values of water quality guidelines (Australian and 
New Zealand Guidelines for Fresh and Marine Water Quality 2000) and therefore 
human and environmental health concerns have been raised (Golder Associates, 
2005a). Arsenic, is one of the metals of concern which occurs naturally and is moved 
via runoff. Runoff then transmits soil into waterbodies resulting in the further 
dissolution of the minerals as well as the ore in the water, which in flood events get 
deposited on floodplains (GRML, 2011). An issue that is not directly related to this 
research but none the less is a consequence of mining on the community is the fact 
that since more than 80 percent of Solomon Islanders reside in rural areas their 
agricultural practices and production in the country relies on the climate, soil and 
topography (Andersen et al., 2013). An area of floodplain downstream of Gold Ridge, 
known as the Guadalcanal Plains is a very fertile area having food produce that is 
more varied than other parts of the Solomon Islands. The proximity of the Guadalcanal 
Plains  to the capital city of Honiara gives opportunities for these produce to be sold in 
the city (Andersen et al., 2013). Parts of a 7000-hectare palm oil industry	operated by 
Guadalcanal Plains Palm Oil Limited (GPPOL) is also located downstream of the TSF 
and the Gold Ridge Mine (Figure 1-3). In addition, members of the community also 
manage their own blocks of palm oil via a nucleus estate out growers scheme, 
supplying the GPPOL mill with palm oil fruits (Fraenkel et al., 2010). Subsistence 
farming practices for the villagers in communities surrounding the Gold Ridge mine is 
an integral part of their livelihood and despite employment and affluence being 
introduced due to mining, not everybody benefits and therefore subsistence farming 
is still used to supplement a family’s diet and income when produce are sold at the 
main market in the city (Andersen et al., 2013).The main crops being planted on these 
areas are, root crops; cassava, taro and sweet potatoes, together with high value 
crops like watermelon and vegetables. One of the most common product from the 
mine downstream area, in the city markets is the edible fern ‘Diplazium esculentum’. 
The fern is of particular interest in this case, because it is highly consumed. Ferns are 
also known to accumulate arsenic such as the brake fern, Pteris vittata (Karimi et al., 
2013; King et al., 2008). The brake fern has been found to accumulate arsenic 
concentrations of 1442 – 7526 mg kg -1 in its leaves/fronds in arsenic contaminated 
soil while it can accumulate 27,000 mg kg -1 in water cultures (Santra et al., 2013). The 
concentration values in this case (Diplazium esculentum) are not known and therefore 
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this is a case for appropriate further investigation. This illustrates the pathway that 
arsenic contained in food from the Gold Ridge mine area may get introduced into the 
wider population especially city dwellers. However, despite these concerns, analysis 
on some locally consumed food sampled from areas downstream of the Gold Ridge 
area was conducted and preliminary results did not indicate elevated levels of arsenic 
in these small samples of subsistence food (Albert et al., 2015). 
           1.2.7 The Problem 
The Gold Ridge Mine, Solomon Islands has been abandoned since April 2014. A study 
of the water and sediment quality within the Gold Ridge catchment and the Tailings 
Storage Facility (TSF) has revealed that over the period of July 2015 to February 2016, 
there has been a significant increase in the concentrations of dissolved arsenic in the 
surface waters of the TSF (Albert, 2016). Solomon Islands does not have a National  
Water Quality Guideline and therefore the most referred to guideline is the World 
Health Organisation (WHO) and the Australia and New Zealand Water Guidelines for 
Fresh and Marine	Water Quality. Indicators for environmental health hazards that are 
used and derived from these two international health related water guidelines for 
arsenic are 0.01 mg L-1 for domestic water quality, 0.1 mg L-1 for livestock and 
agriculture, 8.0 mg kg-1 for sediments and 0.01 mg L-1 for natural occurrence in fresh 
and marine waters. From 2015 to 2016, concentrations of dissolved arsenic in the TSF 
increased by 0.062 mg L-1 from 0.027 mg L-1 to the elevated level of 0.089 mg L-1, (see 
chapter 2) which is greater than values specified by the guidelines. Currently, there is 
no ongoing operation at this mine and therefore no input of tailings that should cause 
an increase of arsenic concentration in the TSF. This poses the question as to what 
the source of arsenic is and the mechanism through which it is introduced into surface 
waters. 
1.2.8 Importance of problem 
The Gold Ridge mine including infrastructure such as the TSF is currently abandoned. 
According to Mhlongo and Amponsah-Dacosta (2016) an abandoned mine is any mine 
site or mining related operation that is not operational, rehabilitated or managed 
actively, is instigating substantial environmental as well as social problems and where 
there is no responsible authority or person presently accountable for rehabilitation and 
remediation of the site. This best describes Gold Ridge mine in its current state. 
Abandoned mines are capable of contributing substantial environmental problems to 
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the surrounding natural environment and community. For example, in the event that 
the water contained in the TSF should overtop the spillway or the main embankment, 
high concentrations of arsenic including other harmful waste contained in the TSF 
would be introduced into the surrounding natural environments and communities. 
Furthermore, it is unknown if the relevant stakeholders surrounding the Gold Ridge 
mine have knowledge of the impacts of arsenic or even the strategies to mitigate these 
impacts in the event of arsenic contamination. Therefore, this is an important problem 
that needs to be investigated and addressed with priority.  
1.2.9 Previous work done regarding problem 
Whilst the mine was active from 2010 - 2014, regular water monitoring of the TSF 
indicated arsenic was the main contaminant of concern with concentrations ranging 
from <0.01 to 0.06 mg L-1. The first dewatering of the TSF on 4th December 2009 was 
conducted with the utilisation of a water chemical treatment plant that was able to 
remove trace elements such as arsenic as well as breakdown cyanide from TSF water 
before release into the Tinahulu river (Togamana et al., 2013). Previous sampling was 
restricted to surface waters of the TSF and variations in water quality down the water 
column and sediment-water interactions had not been considered. The key issues that 
still remain are the large volume of water accumulated in the TSF posing an 
environmental threat and the focus of this project – high levels of arsenic in surface 
waters of the TSF during the abandonment of the mine. The existing gap in knowledge 
is the source of arsenic that is contributing to high levels encountered in the TSF and 
how it is getting there. 
1.2.10 Project Objective 
This thesis documents an investigation into the elevated concentrations of surface 
water arsenic in the tailings dam of the Gold Ridge Mine. The primary objective of the 
project/ thesis is to  
• determine the source of arsenic contributing to increased arsenic 
concentrations in the Tailings Storage Facility surface waters of Gold Ridge 
over 6 months (July 2015 - February 2016).  
Specific objectives of this thesis are 
• Quantify total arsenic concentrations in the TSF waters (surface and bottom), 
the sediments and sediment porewaters 
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• Identify the pathway by which arsenic enters surface waters of the TSF 
This study intends to focus on the source of arsenic that contributed to the increase in 
arsenic concentration seen in the surface waters of the TSF as stated in the primary 
objective. As such, it is not a comprehensive study for instance, important features of 
the behaviour of arsenic such as its geochemistry is not addressed due to resource 
constraints. Furthermore, analysis for water and sediments are not inclusive of all 
parameters. However, considering this study as the first step in identifying the cause 
of arsenic concentration increase in surface waters, sediments will be the centre of 
attention. It will be ascertained whether arsenic released from the bottom sediments 
of the TSF is enough to account for the changes in arsenic concentrations that were 
observed.   
This thesis will improve our understanding of arsenic dynamics within abandoned 
TSFs. Specifically, it will assess arsenic flux rates from tailings sediments and predict 
how this can influence arsenic in surface waters. This contribution can be useful when 
developing regulatory conditions for mining companies upon completion of operations 
or in the event of transfer of ownership, to ensure structures such as TSF are left in a 
condition that does not pose a threat to the surrounding environment. Another 
significant value of this contribution is that having a knowledge of how arsenic is 
mobilised in the TSF sediment. This in turn can then lead to advancement of strategies 
for remediation that are cost effective (Martin and Pedersen, 2002). The United 
Nations Development Program has also taken an interest in the preliminary results 
from this research to guide remediation at the Gold Ridge TSF. 
1.3 The Gold Ridge Mine – Geology and Geochemistry 
The Solomon Islands is geologically, a linear chain of double island arcs, located in 
the circum-pacific ‘ring of fire’ and situated above a subduction zone that is currently 
active portraying an intricate combination of three terrains as illustrated in Figure 1- 4. 
The first terrain is consistent with a plume (Ongtong Java Plateau), making up the 
Northern islands, the second is a Mid-Oceanic Ridge setting that contributes to 
oceanic ridges which make up the islands in the central (Solomon Arc) and the third 
is an amalgamation of both, that makes up the southern islands (Petterson et al., 1999; 
Godfrey et al., 2011b; UNEP and OCHA, 2014). 
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Figure 1-4: Tectonic map of the Solomon Islands.	Reproduced from Petterson et al. 
(1999). 
The Island of Guadalcanal, in the central region, is where Gold Ridge Mine is situated. 
The rock types found on Guadalcanal are intrusives of diorite, ultramafic, mafic, felsic, 
sedimentary rocks, including marine and fluvial sedimentary. With regards to the 
geology of Gold Ridge, deposits are hosted by Gold Ridge Volcanics (GRV) which is 
a sequence characterised by materials such as conglomerates, clastic breccias and 
small amounts of siltstone and gritty sandstone that have been inter-bedded in a poorly 
defined fining cycle of vocanoclastic material (Godfrey et al., 2011b). Furthermore, the 
sequence consists of vertical and lateral facies, is poorly sorted and found to not have 
been disrupted by faulting, even though it is bounded by a basin that is a result of a 
fault (Figure 1-5). Additional studies using core oriented measurements and surface 
mapping have indicated that the GRV sequence has broad open folds that were 
attributed to compressional tectonics. The age of the Gold Ridge Volcanic are 
determined to be Lower Pliocene presumably at the base of the Toni Formation as 
seen in the stratigraphy diagram in Appendix C (Walshaw, 1974; Godfrey et al., 
2011b). 
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Figure 1-5: Gold Ridge Deposit - structural setting. Adapted from Godfrey et al. 
(2011a)  
The Gold Ridge deposits (four known: Valehaichichi, Kupers, Dawsons and 
Namachamata) are low- sulphidation epithermal deposits (Godfrey et al., 2011b; Tolia 
and Petterson, 2005; UNEP and OCHA, 2014; Golder Associates, 2005b; Golder 
Associates, 2005a). Mineralisation of gold in Gold Ridge, is predominantly through 
veining, alteration and lithology at a lesser degree where an early mineralisation of 
quartz-pyrite-gold mineralisation is later surprinted by carbonate-base sulphide gold 
as well as epithermal quartz-gold-arsenic transformation (Godfrey et al., 2011b). The 
sulphide content in the deposit is in a form of pyrite-marcasite and minor amounts of 
arsenopyrite, sphalerite, galena and chalcopyrite in decreasing order. Gold within the 
area exists as an electrum with pyrite, coarse gold especially in oxide zones and in 
veins of quartz-carbonate (Godfrey et al., 2011b). 
Alteration is a determining factor of mineralisation where high intensity indicates strong 
mineralisation. In regards to high grade gold and economic mineralisation, the 
favourable occurrence is strong argillic alteration and silica pyrite. Alteration for the 
four deposits at Gold Ridge vary in intensity and abundance; the deposit that had been 
mined (Valehaichichi), shows the strongest argillic and silica-pyrite alteration while the 
others depict propylitic alterations which are relatively weak (Godfrey et al., 2011b). 
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A total of three main ore types were identified in early investigations described as; 
1. Carbonate-calcite-pyrite veining in a carbonate dominated alteration 
2. Quartz – quartz-pyrite and pyrite that veins in comparatively silicified host rock 
3. Kaolinite – where a high angle quartz-pyrite fissure, veins in rock hosted by 
kaolinites. 
(R.T.Z Consultants Ltd, 1996) 
It was also revealed by test work programmes that the ores range from free-milling to 
refractory (Godfrey et al., 2011b). 
Sediment samples collected from areas of known mineralisation as well as areas of 
unknown were analysed for copper, zinc, arsenic, selenium, molybdenum, silver, 
antimony, gold, lead and bismuth. The results concluded that the presence of arsenic 
could be used as a general indicator for mineralisation of gold (Walshaw, 1974). In 
addition, antimony also depicted the same correlation for indication of gold. On the 
same samples, silver, bismuth and antimony were shown to be high but copper, zinc 
and lead had low values indicating that sulphides of these elements are not found to 
be present in substantial amounts. Associations of gold and silver were strongly linked 
to pyrite and arsenopyrite (Walshaw, 1974) and gold recovery correlates to the arsenic 
content in the fresh and transition ores (Godfrey et al., 2011b). 
1.4 The impacts of Eh, pH and DO on the status of arsenic 
The movement of arsenic in soils and oxygenated waters are controlled by 
environmental conditions including pH and redox potentials (Ferguson and Gavis, 
1972; Ng, 2005). A diagram of pH versus Eh (redox potential) deduced from 
thermodynamic data confirm that at high redox potential (Eh) or oxidised conditions, 
arsenic is stable in the pentavalent series (H3AsO4, H2AsO4-, HAsO42- and AsO43-) 
while in mildly to most reducing conditions of Eh, the trivalent species (H3AsO3, 
H2AsO3- and HAsO32-) tend to predominate (Langmuir et al., 1999), as illustrated in 
Figure 1-6. The following thermodynamic information on diagram not only describes 
the system at equilibrium but in addition, indicates the direction that a system that is 
not in equilibrium will take. 
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Figure 1-6: Eh - pH diagram for arsenic species	at 25oC and one bar total pressure. 
Reproduced from Panagiotaras et al. (2012). Typical Eh and pH ranges for Gold 
Ridge Mine TSF are 46 mV to -235 mV (0.046 V to -0.235 V) and 8 respectively. 
During periods of hypoxia, oxygen is removed from the system, in this case; the 
sediments, causing a reduction in the sediment redox potential leading to sequential 
reduction of nitrate, followed by manganese and iron oxy hydroxide (Banks et al., 
2012). As anoxia develops in the bottom waters of these lakes/dams, the continuous 
reduction conditions will then drive dissolution of iron oxy hydroxides and release both 
iron and arsenic into the interstitial/porewaters (Couture et al., 2010). As diagenesis 
processes continue, partitioning of metals amid interstitial water and metals, which in 
turn determine the toxicity of metals (Atkinson et al., 2007), occur producing a 
concentration gradient between the porewater phase and the overlying water and 
consequently flux of metals at sediment-water interface (Campanha et al., 2012). For 
iron in reducing conditions, it is Fe (II) that is mobilised whereas in oxidised conditions, 
Fe (III) is mobile (Langmuir, 1997). As dissolved oxygen continues to be depleted in 
the sediments and all iron and manganese oxyhydroxides phases have been 
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exhausted, sulfates are reduced to sulphides that form complexes with metals and 
hence removes them, however according to Banks et al (2007), arsenic does not form 
sulphides compared to the other metals and therefore arsenic will continue to remain 
dissolved in the water column (Atkinson et al., 2007).  
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Chapter 2 Arsenic Budget 
	
2.1 Introduction 
Arsenic is a metalloid that occurs naturally in most ecosystems and is distributed 
through natural systems at varying concentrations (Peterson, 2005; Wang, 2007). 
Arsenic in the environment has major impacts on groundwater, agriculture and 
human health as discussed in section 2.1.1(Bhattacharya et al., 2007). Arsenic in 
groundwater can be ingested by humans, having detrimental impacts on human 
health  as discovered in Bangladesh and India, where cancer rates have increased 
after drinking water from wells that were drilled into arsenic contaminated aquifers 
(Reimann et al., 2009).  
Arsenic in groundwater, is now recognised as an environmental health disaster 
hazard that has resulted in putting people at risk of arsenic related diseases as well 
as cancer (Bhattacharya et al., 2007). It also has the potential to impact agriculture 
affecting the yield therefore reducing crop production, for instance rice yield (Abedin 
et al., 2002; Heikens et al., 2007). When using arsenic contaminated water for 
irrigation, the aquatic ecosystem will undergo harmful effects (Bhattacharya et al., 
2007) and in addition, humans accumulate arsenic in ingesting crops that have either 
been irrigated or planted in soils containing arsenic. In current drinking water 
regulations, arsenic is named the most carcinogenic amongst all other substances 
(Reimann et al., 2009). Table 2-1 summarises the indicative naturally occurring 
concentrations of arsenic in different environmental settings. 
Table 2-1: Concentrations	of arsenic in nature. 	
Natural Sources  Arsenic concentration  
Earth crust 
Igneous and sedimentary rocks 2 mg kg -1 
Most rocks 0.5 – 2.5 mg kg -1 
Marine sediments Up to 3000 mg kg -1 
Soil and sediment 
Soil Mean 5 mg kg -1 
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Uncontaminated soil 1 – 40 mg kg -1 (lowest concentration in sandy 
and granite and high concentrations in alluvial 
and organic) 
Sediments (natural level) Below 10 mg kg -1 
Water (50 µg l -1 permissible for drinking, 10 µg l -1 recommended) 
Seawater 0.001 – 0.008 mg l -1 
Unpolluted fresh water  1 – 10 µg l -1 to 100 – 500 µg l -1 
Geothermal water 8.5 mg l -1 (New Zealand) 
1.8 – 6.4 mg l -1 (Japan) 
Air 
Air 0.4 30 ng m -3 
Living Organisms 
Plants < 0.01 µg g -1 (dry weight basis) 
Animals and Humans 0.005 – 0.3 mg kg -1 (marine animals) 
 > 100 µg g -1 (shell fish) 
 0.54 µg g -1 (fresh water fish – total weight) 
 77.0 µg g -1 (liver of fresh water bass) 
 < 0.3 µg g -1 (domestic animals & humans – 
weight basis) 
 3 – 4 mg (total human body) 
 0.3 – 147 µg g -1 (body tissue minus hair & 
nails) 
 0.08 – 0.25 µg g -1 (hair where 10 µg g -1 
indicates arsenic poisoning) 
 20 - 130 µg g -1 (nails of acute polyneuritis – 
arsenic poisoning) 
 5 - 40 µg day -1 (urine where > 100 µg day -1 
indicates acute/subacute poisoning) 
Reproduced from Mandal and Suzuki (2002).  
Arsenic constitutes more than 200 minerals in the form of elemental arsenic, oxides, 
sulphides, arsenates, arsenites and arsenides (Turunen et al., 2016; Mandal and 
Suzuki, 2002) and ranks as the 20th most abundant element on the earth’s crust (Gorny 
et al., 2015). Arsenic is introduced into the environment via natural processes such as 
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volcanic activity, weathering, anthropogenic (mining, agriculture, wood preservation) 
and biological activities (Turunen et al., 2016; Peterson, 2005; Ferguson and Gavis, 
1972; Smedley and Kinniburgh, 2002; Bhumbla and Keefer, 1994; Morton and 
Dunnette, 1994). 
In natural waters arsenic is found as inorganic oxyanions of As (III) or As(V). The 
presence of organic arsenic in water, particularly in the surface waters are produced 
by biological activity and may exist in waters where pollution (industrial) occurs 
(Smedley and Kinniburgh, 2002). According to Wang (2007), biological, geochemical 
and geophysical processes contribute to contamination of waters by arsenic. In 
addition, arsenic contamination of waters can also occur when arsenical sulphides are 
oxidised. There is also a reductive dissolution of (hydro)oxides that contain arsenic, 
including desorption of arsenic from these (hydro)oxides and from geothermal 
activities (Wang, 2007). The mobility of arsenic in aquatic environments is determined 
by adsorption to oxide substrates or through co-precipitation with the same; including 
hydroxides of iron, manganese and aluminium. Through adsorption and co-
precipitation, sediments become a sink for arsenic and in this way arsenic 
concentrations are low in oxic surface waters. Sediments become sources of arsenic 
through dissolution of formally adsorbed and co-precipitated arsenic driven by redox 
reactions caused by  hypoxic conditions  in the sediments resulting in arsenic being 
released back into the waters through sediment porewaters (Cai et al., 2017; Couture 
et al., 2010). 
Studies have shown that arsenic exists in sediments of gold mine tailings as residues 
of arsenopyrite along with elements resulting from co-precipitation with iron hydroxides 
(Shuvaeva et al., 2000). Being a natural constituent of any bedrock, arsenic exists 
mainly in sulfides; for instance in pyrite, arsenopyrite, realgar and orpiment (Parviainen 
et al., 2012). In their natural state (high pH and low Eh conditions) natural 
transformation of arsenic occurs slowly as opposed to mining related transformation 
which is a much quicker process (Parviainen et al., 2012). Numerous metalliferous  
deposits accommodate arsenic, the main arsenic mineral being arsenopyrite (Mandal 
and Suzuki, 2002). Table 2-2 shows the arsenic minerals in deposit types and the 
average arsenic concentrations of these minerals. 
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Table 2-2: Average concentrations of arsenic in minerals	of certain metalliferous 
deposits 
Arsenic mineral Deposit type Average conc. of arsenic 
(mg kg -1) 
Arsenopyrite, tennantite Pyritic copper 40,000 
Smaltite, safflorite, 
domeykite, cobaltite, 
rammelsbergite, 
nicolite, arsenopyrite, 
loellingite 
Native silver and nickel 
cobalt that bear arsenide 
25,000 
Arsenopyrite Quartz, silver and lead-
zinc 
6000 
Arsenopyrite Gold <5000 
Realgar and orpiment Sulfide and sulfide gold 2000 
Arsenopyrite Tin 2000 
Enargite Copper-zinc-lead 1000 
Reproduced from Mandal and Suzuki (2002) 
Mining and smelting of mineral ores that contain arsenopyrite (AsFeS), release 
substantial amounts of arsenic into the environment when they are subjected to 
grounding, processing and finally deposition in TSF’s, or as they are oxidised when 
exposed to oxygen during their storage (Shuvaeva et al., 2000; Martin and Pedersen, 
2002; Parviainen et al., 2012). Sediments inside tailings storage facilities may act as 
sources or sinks for metals. In lakes and aquatic environments, the concentration of 
dissolved metals in the overlying waters are found to be low (Atkinson et al., 2007; 
Ahmann, 1997). Most arsenic found in lake sediments are attributed to either 
precipitation as solids or adsorption to suspended particles finally to be deposited as 
sediments (Atkinson et al., 2007). As arsenic is accumulated on the surface of the 
sediments, recycling can take place (under reducing conditions in the sediment) 
resulting in dissolved arsenic fluxing back into the water column. Alternatively arsenic 
can get submerged deeper into the sediments (Azcue et al., 1994). Once dissolution 
occurs and arsenic is released into porewaters, the dissolved arsenic is either 
transported vertically or horizontally through molecular diffusion or bioturbation and 
bio irrigation activities. Arsenic can then be introduced to overlying surface waters or  
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re-precipitated or re-adsorbed at different locations (deeper) within the sediment 
column (Outridge and Wang, 2015; Azcue et al., 1994).   
Of all natural systems, arsenic is predominantly found in rocks and soils but are in 
higher concentrations in soil, particularly alluvial and organic soil (Mandal and Suzuki, 
2002). Mining can further exacerbate the presence of arsenic in the environment as 
the once stable arsenic in rocks is exposed to oxygen and enters the natural 
environment through acid mine drainage as well as dissolution of Fe, Al and Mn 
oxyhydroxides. Arsenic in soils that have been impacted by mining activities are found 
to be mainly associated with amorphous oxides or hydroxides of iron, aluminium, 
manganese and organic matter (Marabottini et al., 2013).  
  2.1.1 Arsenic related diseases 
Arsenic occurring naturally in the environment and further released by mining and 
other anthropogenic sources has a number of health impacts. Arsenic has been found 
to correlate with complications of organ systems in the human body and furthermore 
persuade epigenetic as well as genetic mutations (causes of cancer) in the body 
(Abdul et al., 2015). The effects of arsenic on systems of the body are described in 
table 2-3 below. These diseases are obtained mainly through drinking contaminated 
water as well as inhalation of dust containing arsenic. 
Table 2-3: Table describing symptoms and diseases related	to arsenic exposure	
Body organ systems Signs and symptoms  Associated diseases 
Integumentary (skin 
including hairs and 
nails) 
Melanosis, keratosis, skin 
pigmentation (after 5-10 
years of exposure), 
thickening palm and soles 
White lines in nails –
fingers and toes 
Skin lesions 
Nervous (Brain is 
usually the target organ) 
Affects learning and 
concentration. 
Neurological complication 
also occurs. Symptoms 
include numbness/pain in 
soles of feet, oxidative 
Peripheral neuropathy 
(damage of peripheral 
nerves). 
Encephalopathy (loss of 
brain function over time). 
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stress, disorganisation of 
the cytoskeletal structure. 
Can experience 
headaches, seizures, 
hallucinations and even 
coma. 
Alzheimer disease (low 
level of exposure over a 
long period of time) 
Respiratory  Chronic cough, breathing 
problems, shortness of 
breath, chest sounds and 
occurrence of blood in 
sputum 
Lung disease 
Cardiovascular Atherosclerosis, 
hypertension, arterial 
occlusions, gangrene (low 
extremities), arrhythmia 
and ischemic heart 
disease 
Blackfoot disease (long 
term exposure) 
Myocardial injury, 
arrhythmias and 
cardiomyopathy are also 
linked to arsenic 
exposure. 
Cerebrovascular disease 
(drinking contaminated 
water – long term) 
High pulse pressure (low 
to medium exposure of 
arsenic in drinking water). 
 
Hematopoietic (bone 
marrow and spleen) 
Arsenic attaches to 
haemoglobin upon 
exposure and 
accumulates in 
erythrocytes leading to 
development of anaemia 
Bone marrow depression 
and anaemia 
	 34	
Immune Arsenic is found to inhibit 
or proliferate immune cells 
depending on dose. 
Increase in free radicals in 
body cells 
Induced diabetes, 
atherosclerosis and skin 
cancers (non-melanoma) 
Endocrine Disrupts thyroid, pancreas 
and hypothalamic pituitary 
adrenal axis. Some signs 
include 
vomiting/diarrhoea, 
salivation, thirst, burning 
lips and inability to 
swallow 
Diabetes and 
hypothyroidism  
Hepatic (liver) Liver enlargement, 
jaundice, hepatic lesions, 
hepatic fibrosis,  
Cirrhosis, hepatomegaly 
Renal (accumulation in 
kidneys) 
Renal injury, high levels of 
blood urea nitrogen. 
Damage to capillaries 
Papillary & cortical 
necrosis 
Proximal tubule 
degeneration 
Reproductive Affects foetal 
development, loss 
including premature 
babies. Can also cause 
fertility problems for males 
and females 
 
Reproduced from Abdul et al. (2015), Santra et al. (2013) and Yunus et al. (2011) 
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Some cancers are also linked to arsenic exposure depending also on dosage and are 
described in Chapter 1 section 1.1.2. This clearly sets out that arsenic related diseases 
are dominant where arsenic is abundant, whether the source is anthropogenic or 
natural. 
The objective of the work done in this chapter is to determine and quantify the total 
arsenic concentrations of the main regions of the TSF, which are the surface and 
bottom waters, the sediments and the sediment porewaters or interstitial waters.   
2.2 Site Description 
	
The Gold Ridge mine and TSF is located on the island of Guadalcanal, Solomon 
Islands. The total area of the Gold Ridge mine is 30 km2 situated at an elevation of 
550 meters above sea level. The TSF occupies an area of 65 hectares, situated north 
of the processing plant. The area receives an annual rainfall of 3000-4000 mm (Golder 
Associates, 2005a) and the region is prone to seismic activity. A total of 4 deposits 
have been identified to be mined and so far, only 2 of them have been extracted, one 
of them only partially. The known deposits at Gold Ridge mine have been identified to 
be low sulphidation epithermal deposits. Mineralisation in these deposits is primarily 
through veining and alteration (Tolia and Petterson, 2005; Godfrey et al., 2011a; 
Golder Associates, 2005b; Golder Associates, 2005a).The sulphide contents of the 
deposits are predominantly in the form of pyrite-marcasite, arsenopyrite, sphalerite, 
galena and chalcopyrite. Gold in the region occurs as an electrum with pyrite while 
coarse gold is found in oxide zones as well as in quartz carbonate veins (Godfrey et 
al., 2011a; Tolia and Petterson, 2005) The nature of ores at Gold Ridge are observed 
as ranging from “free milling” to refractory with the recovery of gold found in ranges 
after processing of gold via conventional cyanidation (Godfrey et al., 2011a). The 
mining company operating the Gold Ridge mine,	utilised the carbon in leach recovery 
plant technology which allowed processing of 2.5 million tonnes of ore per year for 
gold recovery (Togamana et al., 2013). Adhering to this process, gold is dissolved in 
cyanide solution and adsorbed onto the activated carbon, after which the carbon is 
stripped off gold and the resulting fine ores are subjected to water removal, of 
approximately 52% from the solids in the thickener, before being discharged into the 
TSF (Togamana et al., 2013). A report on the Gold Ridge recovery variance conducted 
by Butcher (2012), which at the time was an issue of great concern to the Solomon 
Islands Government and stakeholders suggested that a low recovery compared to that 
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stated in feasibility studies was a result of refractoriness of fresh sulfide ores. This 
indicates that gold losses to tailings (Appendix D) are mainly attributed to associations 
of gold with sulfide minerals (Butcher, 2012). Therefore the TSF contains high 
concentrations of cyanide, arsenic, trace metals and waste water (Togamana et al., 
2013). The arsenic content in fresh and transition ores contributed to gold recovery 
issues, however it is not impacted by oxide ores (Godfrey et al., 2011a). Mining 
operations at Gold Ridge have ceased since April 2014, furthermore, it is evident that 
the TSF had not been properly managed during operations as the containment 
structure is filled with water, a magnitude of volume estimated to be 2.4 million m3. In 
a typical TSF operation and management, slurry, which consists of crushed ore and 
water from the processing plant is pumped to the TSF. As the slurry settles, the 
supernatant water that has been collected in a decant pond in the TSF is piped to a 
RWD where the water is stored, before being pumped back to the processing plant to 
be reused. This closed system (section 1.2.3) accounts for management of water 
levels in a TSF. At the Gold Ridge TSF, the water level had reached 2.4 million m3 
while it was only originally designed to contain 130000 m3 of water (Golder Associates, 
1997). Data collected over the past four years, by the mining company and this 
research project has confirmed that arsenic concentration in the surface waters of the 
TSF was lower when the mine was in operation compared to concentrations measured 
after the mine was closed. This pattern is contrary to expectations. An increase in 
arsenic concentrations in the surface waters of the TSF is normal during mining 
operations due to fresh input of tailings from the mill. In this case the opposite was 
true, with increases of arsenic concentrations in the surface waters occurring after 
operations had ceased in	April 2014 (see Figure 2-3). Contributions of arsenic in the 
surface waters of TSF from runoff from the surrounding catchment is likely to be 
negligible since there are no exposed fresh excavations in the vicinity therefore, this 
suggest an internal source of arsenic within the TSF itself.  
	
2.3 Materials and Methods 
 2.3.1 Sediment porewater arsenic  
To better understand the role of sediments as potential source of arsenic in the surface 
waters of the TSF, fifty undisturbed sediment samples were collected from locations 
within the TSF (Figure 2-1) using gravity coring as described by Sturm et al. (2014). 
Sample locations were selected on an ad-hoc basis to try to achieve even coverage 
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of the entire TSF. These locations were logged with a handheld GPS unit (Garmin 
GPS Map 76).  
The cores were stored in a heavy-duty storage container, measuring 67.5 x 47.5 x 40 
cm, specially crafted to allow the cores to be kept upright and preventing major 
disturbances and spillage on a moving boat.  The cores were brought back to shore 
and left to stand for about 20 minutes to allow settling of sediments that may have 
become resuspended during transportation. 
	
	
Figure 2-1: Location	of sediment and porewater sampling sites. White dots indicate 
incubation sites. Bathymetry of the TSF (obtained using a fish finder/depth sounder 
mounted on the boat) indicates a depth range of 6.9 m in the northwest section of 
the TSF to 2.2 m in the southeast corner. Average depth of the TSF is 2 m with 
shallowest areas being depositional zones. White star in red circle is the location for 
minor study conducted on surface and bottom waters.	
Sediment porewaters were immediately extracted in the field, from the collected core 
samples using sippers and evacuated vials as described by Sturm et al. (2014) (Figure 
2-2). Prior to porewater extraction, the vials or exetainers (Labco, Wycombe, U.K.) 
were evacuated by drawing out air using a syringe and repeated to ensure that 
exetainers were fully void of air. Sippers having filters (0.2 micron) at one end, with the 
other end attached to a needle, was carefully inserted into the sediment column. 
Sediment porewater was obtained as close to the bottom of the core column as 
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possible for all 50 samples. Sediment porewater gradually, fills the exetainers under 
suction and a total of 10 ml of porewater is collected each time. 
	
 
Figure 2-2: Porewater extraction setup. The filter end of the sipper is inserted into the 
cores while the needle end is connected to the exetainer. Maximum volume of 10 ml 
of porewater fills the vials under suction for each core.	
 
 Analysis for porewater arsenic was conducted in the field using a colorimetric arsenic 
analyser (Arsenator, colorimetric digital arsenic detection kit, Wagtech, London, 
United Kingdom). The characteristics of sediments in this dam is extremely soft being 
completely comprised of slurry. The particle size, its composition, moisture content 
and bulk density has been determined from a core taken from the TSF from the surface 
down to 3 meters as illustrated in table 2-4. This table depicts that sediment particle 
size and its bulk density increases with depth while the moisture content decreases. 
On the other hand, the mud composition of sediments decrease with depth while the 
sand composition increases with depth (Albert et al., 2016). The pH of the sediments 
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varies between 7.89 – 8.74. Values for organic matter and total organic content in TSF 
sediments are presented in Appendix A. 
 
Table 2-4: Characteristics of TSF sediments.  
Core 
depth (m) 
Sediment particle size 
(µm) 
Sediment composition Moisture 
content 
(%) 
Bulk 
density 
(g cm -3) D10% D50% D90% Mud 
(%) 
Sand 
(%) 
Gravel 
(%) 
 
0 
(surface) 
1.0 4.9 91.9 86.8 13.2 0 33.2 0.9 
1.5 1.1 8.0 111.4 82.8 17.2 0 31.1 1.0 
3 2.3 118.4 405.6 39.2 60.8 0 25.2 1.2 
Reproduced from Albert et al. (2016) 
 
 Given the characteristics of the sediments, when extracting sediment porewaters, 
filters at the end of the sippers did get clogged and had to be changed.  During 
extraction, porewater entering the exetainers can slow to a halt due to blocking of 
filters. It is advisable to evacuate the exetainers a couple more times before 
recommencing porewater extraction. One may need to insert the sipper a level below 
the original on the sediment column, if flow of porewater has stopped completely. 
Porewater extraction proved to be time-consuming because only 10 corers were 
available and used at a time and furthermore, it takes 20 minutes for a result (arsenic 
concentration reading) to be obtained using the colorimetric arsenic analyser 
(arsenator). Porewater was successfully extracted for all 50 sites in the field. However, 
analysis took longer and therefore the remaining samples were stored and transported 
an hour back to the laboratory where analysis for sediment was achieved using the 
colorimetric arsenic analyser. No special sample preservation protocols were applied 
to the porewater samples. The porewater samples were contained in the exetainers 
that they had been collected in, placed upright in a box that the exetainers were 
originally packed in, to ensure that exetainers did not break while transported back to 
the laboratory. In the laboratory, the samples were kept in the same box until analysed. 
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	 2.3.2 Surface and bottom water arsenic concentrations 
A minor study of the surface and bottom water arsenic concentrations was 
conducted over a month. The location for this study was a few meters off shore from 
the dewatering plant and was selected for ease of water sample collection (Figure 2-
1). It is expected that this study will show changes of arsenic concentrations in both 
top and bottom waters of the TSF. Additionally, a measurement of DO will indicate 
the conditions of the surface and bottom TSF waters at the time of water sample 
collection. Therefore, the Multi parameter water quality sonde/YSI (EXO2 YSI Multi 
parameter water quality sonde, Fondriest Environmental Ohio, USA) was submerged 
in the TSF to measure dissolved oxygen and other physical conditions. Two 
samples, one for top (surface water) and one for bottom water were taken each day. 
To sample water near sediments at the bottom of the TSF, a 3 mm tube was 
attached to a mooring line with inlet 10 cm above sediment surface and outlet of tube 
on the bank of the TSF to allow for regular collection of bottom waters, while surface 
water samples were obtained 30 cm from the surface. Water samples were taken 
every third day and analysed for arsenic using the colorimetric arsenic analyser 
(arsenator). 
 
	 2.3.3 Sediment metal concentration 
To determine the amount of arsenic and other metals including aluminium, cobalt, 
chromium, copper, iron and manganese in the sediment, samples of sediment were 
obtained from 50 sites for arsenic, 8 out of 10 (DTSF 2, 4, 26, 12, 48, 7, 44 and 13 as 
per coordinates in appendix A) sites for aluminium, cobalt, chromium and copper; and 
3 sites each for iron and manganese. This was achieved using the gravity coring 
method, where a sediment core was obtained by means of driving a corer via gravity 
into the sediment. Samples were collected in sediment bags and stored on ice (in the 
field) and under 4 oC in the laboratory. Sample preparation for total metal analysis 
include homogenising the samples with 0.5 mL of concentrated HNO3 before digesting 
the samples for two hours at 95º. The samples are cooled prior to analysis using ICP-
MS (usually Agilent 7700).		
	 2.3.4 Bathymetry map 
To produce the bathymetry map and show relative depths of the whole TSF, a fish 
finder depth sounder, was mounted at the rear of the boat sending sound signals to 
the bottom of the TSF as the boat slowly traversed the TSF. The time that it took for 
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the signal to reach the bottom depths and back determined depths of the TSF. The 
bathymetry map was then used to provide the basis for strata determination and data 
collection. Sampling sites for sediment porewater arsenic concentrations are located 
in three depth related areas within the TSF (Figure 2-1). The northwest section of the 
TSF is the deepest, the middle area is relatively shallower with depths ranging from 
2.2 m to 4.5 m and the southeast section is the shallowest. At the time, the mine was 
in operation, mine waste or slurry had been deposited at certain points of the southeast 
area, via pipes laid on the TSF base directed towards the centre of the dam. By 
sampling in areas of different depths, according to the bathymetry map, results for 
arsenic will indicate variability of sediment arsenic across the TSF and determine any 
relationship between arsenic concentrations and depth of the TSF.  
	
2.4 Results and Discussion 
 2.4.1 Sediment porewater arsenic concentration		
Quantification of arsenic in the TSF sediments were carried out to investigate it as the 
potential source of increased arsenic concentrations observed in surface waters. 
Results of the analysis of surface water samples showed the concentration of arsenic 
in the surface waters of the TSF exceeded the WHO guidelines of 0.01 mg L-1 
approximately 99% of the time. Only once did arsenic concentrations reach 0.005 mg 
L-1 which was a consequence of dilution due to persistent heavy rainfall. Persistent 
heavy rainfall was also one of the causes of the latest abandonment of the mine in 
April 2014. Results revealed that over the period of July 2015 to February 2016, there 
has been a significant increase in the concentrations of dissolved arsenic in the 
surface waters of the TSF. Over a 6-month period, dissolved arsenic concentrations 
increased from 0.027 mg L-1 – 0.089 mg L-1 as indicated in Figure 2-4.  
This indicates that over the 6-month period, arsenic concentrations in the surface 
waters of the TSF had increased by 0.062 mg L-1 suggesting that at this time, an 
equivalent of 144 kg of arsenic was introduced into the TSF surface waters. The 
estimated mass of 144 kg was acquired by multiplying the volume of water in the TSF 
by the increase in concentration over 6 months.  There are periods of time when 
arsenic concentrations in the TSF surface waters decreases. This can be accredited 
to arsenic being co-precipitated with iron, aluminium and manganese hydroxides as 
they become adsorbed to them and therefore there is less arsenic in the surface 
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waters (Cai et al., 2017). Increase of arsenic in surface waters of the TSF is a 
consequence of mobility of arsenic driven by various processes occurring in the 
sediments (section 3.1). 
	
	
	
Figure 2-3: Arsenic concentration dynamics of the TSF surface waters over 3 years 
showing a significant increase from July 2015 to February 2016. Mining operations 
ceased in April 2014 therefore there has been no fresh input of tailings since then to 
contribute to increased levels of arsenic in the TSF. 
	
With regards to the Gold Ridge TSF, a number of potential sources have been ruled 
out such as fresh tailings, catchment and anthropogenic disturbances. The reasons 
for ruling these sources out are firstly, the mine is abandoned and operations have 
ceased since 2014. Secondly, the greatest input of arsenic from catchment would be 
attributed to the waste rock dump (WRD), however the WRD is in a separate 
catchment that is not connected to the TSF catchment and in addition, arsenic 
contribution from rainfall and runoff in the catchment is negligible. This leaves the 
alternative that the source of arsenic must be within the TSF itself.  
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In the TSF’s northwest section, the sediment porewater arsenic concentrations ranged 
from 0.05 mg L-1 – 1.619 mg L-1 while the middle section had concentrations in the 
range of 0.05 mg L-1 to 17.5 mg L-1 and concentrations in the shallow section was 0.05 
– 0.734 mg L-1. These results indicate that within each depth section of the TSF, 
porewater arsenic concentrations varied from being similar to average arsenic 
concentrations of the surface water (0.045 mg L-1) to extremely high concentrations, 
evident in the middle section of the dam. Results also indicate that arsenic 
concentrations do not depend on depth of the TSF. At the time of sample collection, 
the level of water in the dam had decreased and therefore the beach formed by slurry 
was exposed. It is possible for high arsenic concentrations to be present at sites close 
to the exposed beach given that these exposed beaches had been underwater and 
recently exposed again making any sulphide minerals or arsenopyrite within to come 
in contact with air and rainwater thus produce arsenic. The arsenic concentrations 
found at sites in the vicinity of these beaches (DTSF 7, 8, 27, 28, 35 and 50 see 
Appendix A and H) ranged from 0.2 – 0.7 mg L-1. These however, are not the highest 
arsenic concentrations for sediment porewater identified in the TSF. The highest 
porewater concentrations of arsenic are located in the middle section of the TSF where 
porewater arsenic concentration values range from 2.0 – 17.5 mg L-1 (figure 2-4 
bottom). The four sites with extremely high porewater arsenic concentrations are 
DTSF 12, 13, 15 and 25 and are referred to as ‘hotspots’. On average, the sediment 
porewater arsenic concentrations are twenty-five times the average surface water 
arsenic concentration. Interestingly, one of the results showed a sediment porewater 
arsenic concentration of more than four hundred times the average surface water 
arsenic concentration.  
The presence of arsenic in porewaters of tailings, suggests that arsenic has been 
released from tailings, signifying risks to adjacent natural environment. This was a 
grave concern faced in Canada (McClean Lake Operation), where uranium tailings 
were emplaced below the ground water table (Langmuir et al., 1999) having the  
potential to contaminate the groundwater and a natural lake located in the vicinity of 
the tailings. These uranium tailings were from ore bodies that contained up to 10% 
arsenic and post extraction resulted in the production of a raffinate (leach residue 
solids + barren leach solution) that contained dissolved arsenic concentrations of 700 
mg L -1 (Mahoney et al., 2005). In undertaking Tailings Optimization and Validation 
Programs (TOVP); which included studies to understand controls and behaviour of 
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arsenic, optimize processes to reduce arsenic concentrations and evaluating 
behaviour of arsenic, measures were then taken, after numerous laboratory studies, 
to actually reduce the concentration of arsenic in the porewaters of the uranium tailings 
(Mahoney et al., 2005). The TOVPs were actioned and it was established that arsenic 
that was released into the porewaters was consequential of; -  
1. Dissolution of arsenate/As (V) minerals which comprised the majority of total 
arsenic in the uranium tailings 
2. Dissolution of coprecipitates of iron/arsenic (Fe/As) oxyhydroxides 
3. Dissolution of arsenic that had been precipitated at the surface and; 
4. Desorption of arsenic that had been linked with hydrous ferric oxides (HFO) or 
ferrihydrites 
It is established that the porewaters of the tailings management facilities of the 
McClean Lake Operations, contained high concentrations of arsenic; 5 – 7 mg L -1 
which was reduced to 1 – 2 mg L -1 after undertaking methods for arsenic reduction as 
stipulated in the TOVP (Mahoney et al., 2005). The steps taken to reduce arsenic 
concentrations were first of all; to reduce high dissolved concentrations of arsenic in 
the acid raffinate (700 mg L -1). This was achieved by increasing the molar ratio of 
Fe/As to 3/1, through addition of ferric sulphate. Secondly, the raffinate and leach 
slurry is neutralized via the addition of lime to pH 4 and later pH 7 to 8. Neutralization 
is said to instigate precipitation of non-arsenic bearing phases. After neutralization, 
concentrations of arsenic in the porewaters of slurry is 1 – 2 mg L -1 (Mahoney et al., 
2005). The tailings slurry is then pumped into the tailings management facility to be 
disposed via subaqueous emplacement process after neutralization. Installations of 
underdrains are measures taken to ensure that any porewater is removed after settling 
and or compaction of the tailings, and pumped away to be treated in a water treatment 
facility. 
High arsenic concentrations in porewaters of tailings then poses momentous risks to 
surrounding natural environments such as groundwater, lakes, rivers and soil. 
Measures to reduce and hinder further contamination must be in place.  
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Figure 2-4: Sediment arsenic concentration map (top) where red, orange and yellow 
shades depict high arsenic concentration in the sediment. Porewater arsenic 
concentration map (bottom) where red and orange shades are areas of extremely 
high sediment porewater concentrations. 
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Azcue et al. (1994), in their study of the role that sediment porewater plays in cycling 
of arsenic in a lake that had been polluted by mining, revealed a series of porewater 
arsenic throughout the lake ranging from 0.04 mg L-1 to 0.23 mg L-1. The results from 
their study suggested that Fe and Mn adsorption/desorption processes were 
responsible for the arsenic release from solid phase into porewaters. Their study also 
found out that concentrations of As, Fe and Mn increased together in porewaters 
suggesting that as Fe and Mn oxyhydroxides were reduced to soluble Fe2+ and Mn2+ 
and; sorbed arsenic was also released. Dissolved As, Fe and Mn migrated upwards 
or downwards due to which direction the diffusion gradient inclined towards.  A 
comparison of arsenic concentration ranges portrays some similarities to the 
concentration values of porewater arsenic noticed at the Gold Ridge TSF with the 
exception of the alarmingly high arsenic concentrations of the hotspot areas. 
	 2.4.2 Surface and bottom water arsenic 
The results obtained from the regular surface and bottom water sampling indicate a 
variation of arsenic concentrations of the TSF surface and near bottom waters. Some 
days, arsenic concentrations for both depths is very similar and other days there is a 
vast difference in arsenic concentrations as shown in Table 2-5. 
Table 2-5: Arsenic concentration variation in top and bottom waters over a month.  
Sample 
collection 
Date 
As 
concentration 
surface 
waters 
(mg L-1) 
As 
concentration 
bottom 
waters 
(mg L-1) 
7/12/16 0.021 0.080 
11/12/16 0.060 0.061 
13/12/16 0.024 0.082 
20/12/16 0.067 0.068 
03/01/17 0.026 0.030 
11/1/17 0.027 0.060 
17/1/17 0.044 0.073 
25/1/17 0.070 0.075 
Average 0.045 0.066 
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On average, the surface water arsenic concentrations are 0.045 mg L-1 while the near 
sediment bottom average concentrations are 0.066 mg L-1. These results correspond 
to literature suggesting concentration of arsenic in surface waters is less compared to 
concentrations in the bottom waters (Ahmann, 1997; Atkinson et al., 2007; Cai et al., 
2017). 
Speciation of arsenic in waters of the TSF were not determined in this study. However, 
arsenic speciation analysis was conducted during a previous study on some limited 
sites, and the TSF was one of them. Arsenite (As (III)) was established to be 9 µg L-1 
while arsenate (As (V)) was twice the concentration of As (III), 18 µg L-1 (Albert et al., 
2014). It is recommended that a more comprehensive arsenic speciation analysis be 
conducted for the whole TSF to ascertain which species is dominant. From the 
previous study conducted by Albert et al. (2014), As (V) was found to be the prevalent 
species which could possibly indicate less severe arsenic toxicity in TSF waters but 
this remains to be tested. 
2.4.3 Sediment metal concentration  
The measured concentrations for arsenic in the sediments inside the TSF was 
consistently high, ranging from 210 - 1210 mg kg-1across the entire TSF with an 
average concentration of arsenic in the bottom sediments of 437.9 mg kg-1. The 
concentrations for arsenic in sediments exceeds the indicators for environmental 
health hazards as specified by the World Health Organisation (WHO) concentrations 
of 8.0 mg kg-1. A simple calculation taking into account the surface area of the TSF 
suggests that in 5cm of bottom sediments the amount of arsenic is 28462.2 kg. A 
collection of established Sediment Quality Guidelines (SQG), were selected and 
developed into a  consensus – based SQG for assessing sediment quality conditions 
in fresh water ecosystems, particularly for 28 chemicals of concern including arsenic 
(MacDonald et al., 2000). The consensus –based sediment quality guideline for 
freshwater ecosystems developed and used in North America for the integrated 
purposes of remediation, indicates that arsenic concentrations in sediments that would 
have probable effects are 17 mg kg-1 for probable effect levels dry weight, 33 mg kg-1 
dry weight (DW) to impose severe effects and 17 mg kg-1 DW as the toxic effect 
threshold (MacDonald et al., 2000). Arsenic concentrations in the Gold Ridge TSF 
exceeds the probable effect concentrations mentioned in these SQG. The arsenic 
concentrations in the Gold Ridge TSF sediments show a correspondence to arsenic 
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measured in the tailings of gold mines such as those situated in Musselwhite and 
Marathon, Ontario; having arsenic concentrations of 63 and 270 mg kg-1 respectively 
(Wang and Mulligan, 2006b).The concentration of arsenic in the sediments closely 
reflect porewater arsenic concentrations (figure 2-4). It should be noted that some 
sediment cores that had arsenic concentrations in sediments greater than 400 mg kg-
1 displayed very high porewater arsenic concentrations compared to sediment cores 
that had sediment arsenic concentrations from 200-400 mg kg-1 (refer to appendix A). 
With respect to our investigation, these results indicate that areas of the TSF 
sediments that had high arsenic concentrations also released high concentrations into 
porewaters. Concentrations for iron and manganese in the bottom sediments are also 
found to be high averaging 44,200 mg kg-1 and 623 mg kg-1 respectively. For the other 
metals, Aluminium concentrations in the sediments ranged from 7100 – 13,200 mg kg-
1, Cobalt concentrations ranged from 17.9 – 35 mg kg-1, Copper concentrations were 
found to be in the range of 88.7 – 257 mg kg-1 and Chromium concentrations ranged 
21.3 – 36.9 mg kg-1. High concentrations of Fe, Mn and Al in the sediments signifies a 
high probability of arsenic adsorbing and co-precipitating with the oxyhydroxides of 
these elements and under redox reactions culminating in the dissolution of these 
oxyhydroxides, arsenic and oxidised Fe, Mn and Al gets released into porewaters and 
migrates under a diffusion gradient (Chapter 3). 
	
2.5 Conclusion 
A survey of the arsenic budget (section 4.2) in the TSF demonstrates that arsenic is 
present in the surface waters, bottom waters, sediment porewaters and in the 
sediments. Arsenic in surface and bottom waters were confirmed through standard 
water sampling methods. Arsenic concentration results in sediment porewaters and 
sediments were obtained via gravity coring. Concentrations of arsenic are found 
highest in the sediments and in sediment porewaters compared to bottom and surface 
waters. The possible causes of elevated arsenic that have been ruled out as unlikely 
are 1) fresh tailings input – this is because there is no operation since 2014, 2) 
catchment – although there is a possibility that arsenic is able to be included in runoff 
from surrounding soil into the environment, it is estimated that the amount would be 
less and furthermore the waste rock dump which is a very likely source of 
contamination is not directly within the catchment of the TSF and 3) anthropogenic 
disturbances – the TSF is a restricted area and it is common knowledge that it contains 
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hazardous material so the prospect of disturbance by humans is not considered. This 
leads to a hypothesis of an internal source of contamination as the most likely source 
of arsenic in surface waters. In particular, arsenic release from sediments is thought 
to control surface water arsenic concentrations rather than other inputs to the TSF. It 
is therefore concluded that the majority of arsenic appears to be in the TSF sediments 
and is variably distributed. Porewater – surface waters (interstitial waters) exchange 
emerges to be the main pathway by which arsenic is transferred from sediments, 
through porewaters, into the surface waters. This leads to the next stage of this study 
to determine how arsenic is mobilised from the sediments into the surface waters of 
the TSF. 
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Chapter 3 Core Incubation Study 
	
3.1 Introduction 
Arsenic can be released into the environment through uncontrolled anthropogenic 
activities (Choong et al., 2007). While there have been diverse findings on studies 
conducted to determine mobilisation of metals/metalloids within soil and sediments, 
there are several mechanisms including; 
• dissolution of metals/metalloids for example arsenic, from iron oxyhydroxides 
under reducing conditions,  
• sulphide oxidation,  
• mobilisation by organic carbon and microbial processes where the mobilisation 
controlling factors are pH, oxidation-reduction conditions,  
• adsorption/desorption,  
• arsenic bearing phases and solution chemistry  
(Banks et al., 2012; Kohfahl et al., 2016; Harvey et al., 2002; Yurkevich et al., 2012; 
Couture et al., 2010; Routh et al., 2007; Moriarty et al., 2014).  
Figure 3-1 is an illustration of the arsenic cycle in its simplest form. The effects of 
arsenic and toxicity towards the environment and human health are attributed to the 
labile form of arsenic; which is arsenic that is likely to undergo change either 
chemically, biologically or physically. Therefore risk from arsenic is closely connected 
with its bioavailability for absorption (Marabottini et al., 2013). For the Gold Ridge study 
the cyclic transfer of arsenic begins with removal of the orebody, exposing ore 
containing sulphides to the atmosphere where it can get to biota, soils sediments and 
rocks as well as waters through wet or dry deposition. Once in the waters and 
sediments, arsenic may undergo sorption-desorption, precipitation-dissolution, 
oxidation-reduction and be subjected to microbial activities. These processes can 
mobilise arsenic from the sediments into the surface waters in this case of the TSF; 
and they can also be a means by which arsenic is transported from the waters onto 
the sediments.  
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Figure 3-1: A cyclic transfer of arsenic adapted from Wang (2007). 
The toxicity, distribution and mobility including any assessment for health hazard and 
bioavailability of arsenic does not only depend on the total concentration alone but 
more on the forms of arsenic in the environment. Arsenic exists in 4 valence states in 
natural systems (-III, 0, +III and +V) and forms a variation of both organic and inorganic 
compounds in natural aquatic systems, sediments and soil but are predominantly in 
inorganic forms of arsenate (As V) and arsenite (As III) (Wang and Mulligan, 2006a). 
In this regard, it can be implied that some forms of arsenic are more hazardous than 
others (Matanitobua, 2006). The principal species present in soil and water are usually 
determined by redox conditions and pH (Wang and Mulligan, 2006a). The typical Eh 
and pH ranges for sediments in a natural state are -300 mV to +700 mV and 6-9 
respectively. Redox sensitive metalloids such as arsenic are released after becoming 
bioavailable within the subsets of these ranges (Ye et al., 2013). Experimental data by 
Masscheleyn et al. (1991) suggest that high redox levels and pH>10 warranted the 
dominance of arsenate or As (V), while at pH<8 and corresponding redox levels, 
arsenite was the dominant arsenic species (Cheng et al., 2009). Results obtained by 
LeMonte et al. (2017) in their study of arsenic release from historically contaminated 
coastal soils showed that arsenic release occurs at Eh levels below 100 mV, which is 
the corresponding value when dissolution of Fe oxides begin. At the Gold Ridge TSF, 
Eh and pH levels were not the focus of research however preliminary results for Eh 
and pH shows Eh ranged from -235 mV to 46 mV and pH 7-8. This suggests, 
moderately reducing conditions and according to Figure 1-6, arsenite or As (III) is 
predominant at moderately reducing conditions and therefore there is a possibility that 
the Gold Ridge TSF contains As (III) which is the species that tends to be more mobile. 
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A favourable arsenic species for the Gold Ridge case is As (V), because this species 
tends to adsorb strongly to oxyhydroxides of Fe, Mn and Al in their solid phase and 
hence has less tendency to become mobile (Xu et al., 2017a; Simmler et al., 2017). 
Oxides and hydroxides of Fe and Al adsorbs arsenic more intensely than clay 
minerals, however recently precipitated iron oxyhydroxides (ferrihydrite or hydrous 
ferric oxide – HFO) are the strongest sorbents for arsenic (Langmuir et al., 1999). 
Mining amongst other anthropogenic activities contributing arsenic into the 
environment, disturbs the toxicity, stability and mobility of arsenic as it alters the redox 
conditions and chemistry of soil and water (Turunen et al., 2016). Since arsenic is a 
metalloid, it readily reacts and forms oxyanions and rarely forms single cations. 
Arsenic contamination has become a great concern to both the natural environment 
as well as human health and therefore, a knowledge of the sources of arsenic as well 
as the means by which arsenic is mobilised and released is essential for treatment 
and remediation for areas disturbed by mining (Cheng et al., 2009). The processes 
that control mobility of arsenic in surface waters of water bodies including tailings dams 
are summarised in five categories that include (1) adsorption and desorption; (2) redox 
reactions; (3) precipitation in solid phase and dissolution; (4) ion exchange or 
competitive adsorption and finally (5) biological activity. These processes are not 
isolated in encouraging mobility of arsenic, but rather interact with each other. Thus 
arsenic mobility is achieved by a combination of more than one of these processes 
and are usually dependent on these factors (Cheng et al., 2009). A decrease of 
dissolved oxygen concentration in the water column of water bodies (lakes, rivers, 
even tailings dams), resulting in hypoxic (< 1 mg L-1) and anoxic (< 0.5 mg L-1) periods 
can reduce the sediment’s redox status and thus promote desorption of metalloid 
contaminants such as arsenic (Banks et al., 2012). Dissolved oxygen reduction in the 
water column of rivers, lakes and TSF’s for example, may also be caused by microbial 
decomposition of organic carbon, following death of phytoplankton (surface waters); 
and this action in the sediments, leads to consumption of dissolved oxygen in the 
porewaters of sediments. Organic matter values for Gold Ridge TSF ranged from 
<0.5% to 4.4%. The presence of organic matter in the TSF sediments could be 
attributed to algae in the surface waters. It is not known at this stage whether organic 
matter loads were from chemicals used in processing or solvents because at the time 
of this research, the mine was not operational. The waters of the TSF are a light 
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greenish colour and the presence of life in the form of fish (tilapia) attest to the fact 
that organic matter is present in the waters. In addition, since the area receives a lot 
of rainfall, runoff from the forested catchment could introduce organic matter into the 
TSF waters. Dead trees, an impact of water logging or dieback are evident at the 
western end of the TSF and grass also thrive on recently formed beaches on the 
eastern end. These are potential sources of OM in TSF surface waters. Algae was 
also observed in the TSF waters. Total organic carbon ranged from <0.5% to 2.5%. 
These values were obtained from preliminary results of analysed TSF sediments but 
were not the focus of this research. On the other hand, the reported concentrations for 
dissolved organic carbon in pristine streams range from 1-3 mg L-1 while in rivers and 
lakes the range is from 2-10 mg L-1 (Thurman, 1985). The impacts of these other 
processes (impact of organic matter/dissolved organic carbon) on arsenic mobilisation 
were not the focus of this study, however they are not ruled out because according to 
Héry et al. (2010), arsenic mobilisation by microbial metal reduction can be achieved 
even with very low concentrations (0.13 – 0.5 weight %) of organic matter (OM) in the 
sediments. Therefore, regardless of low values for OM in the Gold Ridge TSF, there 
is still a possibility that arsenic may be mobilised by low concentrations of OM as the 
quantity of OM is not an issue when it comes to arsenic release. In addition, the 
bioavailability and the type of OM are also important. Dissolved organic matter in 
concentration ranges of 1-20 mg L-1 in aquatic environments may encourage mobility 
of arsenic (Bauer and Blodau, 2006).  
The geology of the Gold Ridge area and the mineralization of the ore body (section 
1.2.1) allude to the presence of arsenic (arsenopyrite) as some of the sulphide 
minerals contained in the ore body. Therefore, arsenic definitely constitutes waste 
from the extraction of gold in the processing plant and ends up in the TSF. The concern 
with arsenic in the Gold Ridge TSF is that, this research has found that concentration 
of arsenic in the TSF surface waters had increased over a period of 6 months (Chapter 
2). This occurred during a period when the mine had been abandoned which caused 
us to investigate the source of arsenic and the pathway of mobility (Chapter 3). 
The concentration of dissolved metals including arsenic in overlaying waters of natural 
lakes and rivers, even the tailings dam for instance, is low compared to waters near 
bottom sediments. For example in British Colombia, the arsenic concentration in 
natural lakes ranges from 0.0002 -0.00042 mg L-1 and in mine influenced lakes in parts 
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of Canada, concentrations ranged from 0.035-0.1 mg L-1 , while in rivers arsenic 
concentrations averaged 0.00083 mg L-1 (Smedley and Kinniburgh, 2001). 
Concentrations of arsenic and dissolved metals in overlying waters of aquatic bodies 
(rivers, lakes, oceans, TSF) are low due to these dissolved metals and metalloids 
being adsorbed to suspended particles of clay, organic matter and even iron and 
manganese oxides, calcium carbonate as well as living and non-living organic carbon. 
In addition, the dissolved metals are also likely to precipitate as solids, even co-
precipitating with manganese and iron oxyhydrides and ultimately deposited as 
sediments (Campanha et al., 2012; Atkinson et al., 2007; Banks et al., 2012). Upon 
deposition in the superficial sediments, arsenic and other dissolved metals are either 
buried deeper into the sediments or they are recycled back into the water column 
(Azcue et al., 1994). Campanha et al. (2012) suggest that in the sediments, diagenetic 
reactions dependent on decomposition of organic matter, changing pH and redox 
conditions, precipitation with sulphide and re-dissolution/precipitation of iron and 
manganese oxides occurs thus releasing metals into interstitial waters or mobilising 
them within the sediments. These diagenetic processes thus alter the partitioning of 
metals/metalloids between the particles in sediment and the interstitial waters. This 
alteration, produces a concentration gradient amid the overlaying water and the 
interstitial water consequently resulting in diffusive fluxes (Campanha et al., 2012). 
Atkinson et al. (2007) go on to indicate that these biogeochemical reactions give rise 
to stratification of dissolved as well as metals in particulate form within the sediment 
depth, where there is an oxic fraction at the surface of the sediments and a sub-oxic 
at depth which contains oxic solid phases of metals in equilibrium with the reduced 
dissolved phase of metals.  
Nikolaidis et al. (2004) suggest that the dominant mechanism governing the release 
of sorbed arsenic and hence mobilization of arsenic, is through the dissolution of iron 
oxyhydroxides. Fe oxyhydroxides with poor crystalline forms provide favourable 
adsorption sites for arsenic particularly in soil. In flooded and aquatic systems, arsenic 
and iron are found to be mobilised together in solution phase (Xu et al., 2017b). This 
simultaneous mobilisation according to Xu et al. (2017b), is due to two processes. The 
first is when iron oxyhydroxides are subjected to reducing conditions, are reduced and 
are solubilised and hence release arsenic that had been sorbed back into the solution 
phase. The second process involves arsenate As (V) that had previously been sorbed 
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onto solid phase that becomes reduced to As (III). Arsenite (As III), is not as strongly 
sorbed as arsenate and therefore tends to partition in solution phase. This then is a 
strong suggestion that dissolution of the mineral phase is paramount in controlling 
mobilization of arsenic (Xu et al., 2017b). 
Diagenesis of tailings also depends on microbial activity of the environment, in this 
instance; the sediments of the TSF. Unfortunately, this research does not test for 
microbial communities and its impacts on arsenic mobilisation. However, microbial 
activity is implicated in the transformation of arsenic in environments including the 
natural environment (Ravenscroft et al., 2009; Ahmann, 1997). Arsenic responds to 
microbes in various ways such as exclusion, chelation and immobilization depending 
on the microorganisms present (Tsai et al., 2009). Laboratory based studies involving 
microbes and minerals have been conducted which were able to provide 
understanding of dynamics involving arsenic release by iron-reducing bacteria from 
Fe (III) (Oremland and Stolz, 2005; Cavalca et al., 2013). The laboratory studies 
produced three mechanisms whereby arsenic is released from Fe (III). The first is that, 
since iron is copious in sediments and Fe (III) has the ability to adsorb As (V). When 
Fe (III) is reduced to Fe (II) - the soluble form, by iron reducing bacteria, then As (V) 
is released into solution for example, the action of Shewanella alga (an iron-reducing 
bacterium) on the mineral scorodite (Oremland and Stolz, 2005). The second 
mechanism involved bacterium termed as Dissimilatory arsenate – reducing 
prokaryote (DARP) where in this case As (III) is released instead of As (V). An example 
of this is when Sulfurospirillum arsenophilum caused release of As (III) from ferrous 
arsenate in solid phase (Ravenscroft et al., 2009). In the case where As (V) is 
adsorbed to alumina instead of Fe (III), DARP transformed As (V) to As (III) before 
release (Oremland and Stolz, 2005). The final mechanism that emerged from these 
studies was the use of an iron – reducing DARP, for example Sulfurospirillum barnesii. 
This instigated the release of As (III) as well as Fe (II) (Oremland and Stolz, 2005). 
Apart from arsenate reduction as described above, according to Lie`vremont et al. 
(2009), other ways by which microbial activity impacts arsenic is through arsenite 
oxidation (involving oxidation of As (III) followed by removal of any As (V) produced). 
During oxidation of As (III), species of bacteria such as Agrobacterium tumefaciens, 
Alcaligenes faecalil and Rhizobium sp are able to oxidise AS (III) to As (V) and in so 
doing facilitate detoxification,  as As (V) is to not as toxic as As (III) (Gorny et al., 2015).  
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Another means is through sulfate reducing bacteria which oxidises compounds 
(Lie`vremont et al., 2009) and precipitates As (V) (Tsai et al., 2009). 
The objective of this chapter then is to investigate the impact of dissolved oxygen on 
the tailings sediments, particularly bottom sediments through a core incubation study. 
As examined in chapter 2, arsenic is mostly found in bottom sediments of the TSF, 
therefore by subjecting TSF core samples taken from the field under a period of 
incubation, rates of arsenic release from the sediment zone can be determined under 
different dissolved oxygen regimes. 
	
3.2 Materials and Methods 
 3.2.1 Core incubation 
An incubation study was conducted to ascertain sediment arsenic flux from sediments 
into surface waters under varying dissolved oxygen concentrations. A set of 10 
undisturbed sediment cores were collected at predetermined sites. These sites were 
determined following the compilation of the bathymetry map (Chapter 2), where three 
sampling strata were selected according to identified depths of the TSF and the 
relative locations that had been used by the company to discharge slurry. In 
determining these sites, it is hoped that results will determine if depth of the TSF and 
distances from slurry discharge points have a possible impact on the amount of 
arsenic that is fluxed from sediment into the surface waters. Collection of sediment 
cores from the TSF was conducted using the gravity corer as described by Sturm 
(2014). The height of the sediment in the incubated cores ranged from 16-24 cm, with 
height of the water above the sediment in the incubated cores ranging from 34 down 
to 26 cm. Sediment cores were transported back to the lab and placed in incubation 
setting, with low light situations to promote decrease of dissolved oxygen levels. To 
achieve low light situations, all the windows and doors of the room in the laboratory 
were covered with black plastic and curtains. Any water in the cores that were lost 
during transportation was replaced using TSF surface water, because when 
conducting the core incubation study, the aim is to maintain similar conditions as in 
the TSF. Therefore, the use of other water sources could introduce additional 
organisms that are not contained in the TSF and thus influence the incubated sediment 
cores to behave in a different manner to sediments in the TSF.  
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Figure 3-2: Diagram showing core incubation set up. Two set ups were assembled 
with 5 cores around 2 central stirrers 
Non-intrusive magnetic stirrers were placed in each of the 10 cores, propelled by a 
central magnetic stirrer to ensure maintenance of water movement within each core. 
The cores were capped with lids as described by Sturm (2014), having 2 ports, one 
for sampling and the other for refilling. 30 mL syringes were used to sample and refill 
the cores using TSF water every 48 hours until the experiment ended (see figure 3-2). 
When DO in all cores have reached hypoxic conditions (< 1 mgL-1) (Huang, 2015), all 
cores were re-oxygenated to levels as close to the original , that is concentrations at 
the start of laboratory work; and measurements for collecting DO and arsenic analysis 
are repeated.  Samples of water overlying the sediment core were collected using 
sterile 60 mL high density polyethylene (HDPE) sample bottles at the beginning and 
at the end of the experiment which were then transported back to Brisbane and 
analysed for dissolved and total metals using ICPMS methods. Arsenic analysis was 
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conducted during the experiment using the colorimetric arsenic analyser (Arsenator, 
colorimetric digital arsenic detection kit, Wagtech, London, UK) every 48 hours and 
every 24 hours after re-oxygenation of the incubated cores. Temperature and 
dissolved oxygen (DO) of the water column was measured using an optical DO sensor 
(PreSens, Precision Sensing GmbH, Resenburg, Germany) against sensor dots or 
Presens dots (Figure 3-2) which had been inserted prior to collection of sediment 
cores. Measurements for dissolved oxygen and temperature were conducted twice a 
day (morning and afternoon). Daily flux rates for arsenic were calculated using the 
rates of change in arsenic concentration and normalised by the sediment surface area 
and core volume. Cores were stirred for 30 minutes prior to assessment of DO and 
collection of water samples to ensure water above the sediments in the incubated 
cores was mixed well.  
	
	 3.2.2 Flux rate calculation 
Rates of arsenic flux (mg m-2 d-1) for the cores was then calculated using the rate of 
change noticed in the concentration of dissolved fractions (C), the water volume and 
surface area of cores using the following equation.   
Equation 1: Flux rate 
𝐹 = 	ΔCΔt 	𝑉𝐴	 
 
Where F = flux, DC = change in concentration of dissolved fractions (mg), t= time (30 
days), V = volume of water and A is the surface area of the cores. The results are then 
normalised to mg m-2 d-1. 
	
	 3.2.3 Physical/chemical characteristics of water column 
A preliminary investigation of the physical and chemical aspects of the water column, 
such as turbidity, dissolved oxygen, pH, conductivity and temperature were 
investigated by casting a multiparameter water quality sonde (EXO2 YSI 
Multiparameter Water Quality Sonde, Fondriest Environmental, Ohio, USA) down the 
water column logging these parameters with high accuracy at frequency of one 
reading per second. By carrying out this investigation, turbidity is measured to define 
any form of activity; dissolved oxygen to show whether the system is oxic or hypoxic 
and pH to measure acidity and alkalinity of the TSF waters. These measurements are 
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carried out in the field and the results should provide useful information on the physical 
and or chemical conditions of the water in the TSF as well as aid in interpretation of 
the core incubation study. 
	
3.3 Data and statistical analysis 
Data analysis was conducted for the differences in core incubation flux rates using a 
one-way ANOVA (Dell Statistica v13, Dell Inc., software.dell.com.). The categorical 
predictor was core oxic status (hotspot and non-hotspot) and the continuous variable 
was the resultant flux rate. The homogeneity of variance was confirmed using the 
Levene’s Test and post hoc tests were undertaken using Fisher LSD (Zar, 2013). The 
significant differences were reported at p < 0.05. 
3.4 Results and Discussion 
 3.4.1 Core incubations 
Over the one month incubation period, the results obtained, showed that arsenic was 
steadily produced by the cores as they were subjected to various dissolved oxygen 
regimes (Figure 3-3). Figure 3-3 shows that the incubation was successful in that, all 
the cores confirmed increases in concentrations, even though the concentrations or 
flux varied in intensities.  
	
Figure 3-3: Arsenic concentrations over one month incubation period for 10 core. 
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6 out of 10 incubated cores showed consistent flux rates and they were from locations 
(DTSF 12, 48, 7, 44, 19 and 13). Incidentally, from these 6 cores, 2 showed higher flux 
rates and these two cores (DTSF 12 and 13) correspond to hotspots identified in 
chapter 2. However, 4 of the 10 (DTSF 2, 4, 27 and 37) incubated cores showed very 
little fluxes of arsenic over the incubation period (see appendix H site location). 
The core incubations confirm three types of variations in the results. 1) cores (solid 
and porewater components releasing arsenic into surface waters above the solid 
phase) that show steady increase in arsenic concentration after DO became depleted, 
2) cores showing little relative increase in DO, meaning that increases in arsenic 
concentrations occurred but were minimal and for some day’s fluxes would remain the 
same and 3) cores showing linear high levels of arsenic across all DO levels. The 
possible explanations for the behaviour of cores that present little change in flux (type 
2) are 1, sediments in these cores are relatively inert and therefore show little change 
in flux during the incubation period. Secondly, the sediment oxygen demand is too low 
to facilitate arsenic flux or the arsenic is bound so firmly within the sediment matrix. 
Two cores of interest are the two variations which saw increases in arsenic 
concentrations as dissolved oxygen decreased. The first variation is; cores that show 
steady increase in arsenic concentration as dissolved oxygen becomes depleted, 
termed as non-hotspot cores (Figure 3-4 (A)). With non-hotspot cores, the increase of 
arsenic is quite steady but slow, contrary to expectations of high arsenic production as 
systems become hypoxic. The second and most significant variation of, cores shows 
high levels of arsenic across all dissolved oxygen levels (Figure 3-4 (B)). Flux rates 
were determined for each core under oxic and hypoxic conditions. To differentiate the 
two conditions, dissolved oxygen concentration that would promote dissolution of iron 
oxyhydroxides were utilised as suggested by Huang (2015). The concentration of 
dissolved oxygen critical to the dissolution of iron and hence release of 
metals/metalloids such as arsenic  is less than 1 mg L-1 (Huang, 2015). Therefore, for 
all cores, fluxes corresponding to oxic conditions occur at concentrations of dissolved 
oxygen > 1 mg L-1 and hypoxic fluxes are found at DO concentrations < 1 mg L -1. For 
both non-hotspot and hotspot cores, dissolved oxygen was completely depleted from 
the system fourteen days after incubation commenced (Figure 3-4). At that juncture, 
the amount of arsenic that fluxed in non-hotspot cores was approximately 100 µg L-1 
while for the hotspot cores the concentration of arsenic at 0 mg L-1 of dissolved oxygen 
was 600 µg L-1. The results for hotspots went beyond expectations as it took 2 days to 
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flux the maximum arsenic flux for non-hotspot cores (200 µg L-1). The results show 
that in the TSF itself, arsenic release or flux is not uniform. Hotspot sites flux more 
arsenic than non-hotspot sites and as discussed below, the rates at which arsenic is 
released in hotspot sites exceeds rates of non-hotspot site arsenic flux.  
The time taken for hotspot and non-hotspot cores to reach hypoxic conditions vary. 
For non-hotspot cores, hypoxic conditions were reached ten days after 
commencement of incubations while for hotspot cores, hypoxic conditions were 
attained 7 days after incubation period began (Figure 3-5).  
Flux rates were determined for each core under oxic and hypoxic conditions. 
Calculations for the flux rates took into account, change in arsenic concentration 
together with the volume of water above the cores and the surface area of the cores 
using the above equation. Calculated arsenic flux from sediment to the water column 
of non-hotspot cores show that during oxic and hypoxic events arsenic flux was 0.72 
mg m-2 d-1 and 1.02 mg m-2 d-1 respectively. In comparison hotspot cores had fluxes 
of 4.45 mg m-2 d-1 under oxic and 7.01 mg m-2 d-1 for hypoxic conditions (Figure 3-4). 
For non-hotspot cores, arsenic did flux when the system was oxic as well as when the 
system was subjected to hypoxic conditions. The resultant arsenic fluxes although 
positive, was only less than 2 mg m-2 d-1 for non-hotspot cores. Hotspot cores on the 
other hand, produced high amounts of arsenic during oxic conditions but higher flux 
was noticed during hypoxic conditions. This observation is also the same for non-
hotspot cores.	
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Figure 3-4: Sediment incubation of hotspot and non-hotspot cores from 22 June – 22 
July 2016. Figure A depicts dissolved oxygen and arsenic flux for non-hotspot cores 
whilst B is for hotspot cores. Shaded areas show oxic periods for incubations.	
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A study that looked into roles of porewaters in the cycling of arsenic determined an 
upward diffusion of total dissolved arsenic via a concentration gradient to be 0.8 to 
3.8µg cm-2 y-1 and given the elevated concentration of arsenic in the bottom sediments 
arsenic is projected to be continuously fluxed towards the sediment water interface 
annually (Azcue et al., 1994). The Gold Ridge TSF study discovered that flux of arsenic 
from bottom sediments via interstitial or porewaters into the waters overlying the 
sediments occurred in both oxic and much higher in hypoxic conditions. The flux of 
arsenic during oxic conditions was 0.72 mg m-2 d-1   for non-hotspot cores and 4.45 mg 
m-2 d-1 for hotspot cores in oxic conditions, which when compared to fluxes obtained 
by Azcue et al. (1994) it would be equivalent to 26.28 µg cm-2 y-1 for oxic non-hotspot 
cores and 162.43 µg cm-2 y-1 for hotspot oxic cores.  
	
	
	
Figure 3-5: Sediment arsenic flux rates for non-hotspot and hotspot cores under oxic 
and hypoxic conditions 
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This suggests that periodic low dissolved oxygen conditions in the TSF surface waters 
in general and particularly at the sediment –water interface lead to high pulses of 
arsenic entering the system and at much higher rates than previously reported. In 
addition, a worst-case scenario can eventuate if conditions promoting hypoxia occur 
over an extended period and in that case, arsenic flux in both non-hotspot and hotspot 
sites will increase. Considering that hotspot cores are already fluxing out 7.01 mg m-2 
d-1, prolonged hypoxic conditions will see an increase in arsenic flux leading to a 
further increase in arsenic concentrations in the surface waters of the TSF. 
 
	 3.4.2 Physical and chemical aspects of water 
Results for the chemical and physical parameters of the water column in the TSF show 
that most of the water column was supersaturated with oxygen, meaning that 90% of 
the TSF water was oxygenated. However, the bottom 40 cm show that there is low 
DO and high turbidity (Figure 3-6). This is attributed to a net effect precipitation of both 
iron (Fe) and manganese (Mn) oxyhydroxides culminating in consumption of oxygen. 
Therefore, there is increased turbidity and decreased DO. Iron and manganese are 
present in the sediments of the TSF in concentrations of 44200 mg kg -1 and 623 mg 
kg-1 respectively. 
Some aspects of both chemical and physical mechanisms were observed from data 
collected from the multiparameter water quality sonde. These observations include 
measurements of pH in fifty sites in the TSF showing pH values in the 7-8 range. 
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Figure 3-6: Dissolved oxygen and turbidity profile of the TSF.	While 90% of the 
profile is supersaturated, 40 centimetres off the bottom sediments illustrates an 
active zone of decreasing DO and increasing turbidity. 
Results from experiments and thermodynamic calculations indicate that pH values 
greater than 10 denotes high redox levels in a system while pH values less than 8 
indicate moderately reduced, and reduced conditions (LeMonte et al. 2017). 
Therefore, the TSF mainly portrays moderately reducing conditions. Other 
observations are values for oxidation-reduction potentials, which range from +200 mV 
to -210 mV at various depths of the TSF. Eh values of below 100 mV parallel values 
for when reductive dissolution of Iron-oxides occurs. In addition, most reductive 
conditions causing arsenic concentrations to peak, take place at Eh values below -200 
mV (LeMonte, Stuckey et al. 2017). The observed pH and Eh values correspond to 
TSF depths (near bottom sediments) at which dissolved oxygen are at lowest values. 
It is acknowledged here that further work needs to be undertaken, particularly testing 
for redox couples in the TSF waters, including speciation of sulphur and nitrogen to 
validate the above redox values for a reducing environment. 
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3.5 Conclusion 
Arsenic mobilisation from sediments to overlying surface waters is predominantly 
regulated by processes affecting the surfaces of minerals especially adsorption and 
desorption, precipitation and dissolution. These processes are further controlled by 
factors such as Eh, pH, mineral type and ionic composition (Bauer and Blodau, 2006).  
When pH values are neutral and conditions are oxic, arsenic is successfully 
immobilized via co-precipitation and sorption with metal oxides relating to reactions 
with surface complexations, including the establishments of specific inner sphere 
complexes. Low pH values and reduced redox potentials on the other hand lead to 
dissolution of metal oxides culminating in the increase of arsenic mobility (Bauer and 
Blodau, 2006).From the core incubation study, it is evident that as dissolved oxygen 
in the surface waters of the cores decreased and became depleted, arsenic began to 
flux from the surface sediments into the overlying waters causing dissolved total 
arsenic concentrations in the surface waters to increase. Areas of hotspot were 
identified and are very critical as they tend to flux arsenic across all dissolved oxygen 
regimes and in this way, contribute a lot of arsenic into the surface waters of the dam 
during oxic but more so in hypoxic conditions. Although the hotspot area constitutes 
only 8.6 hectares (13% of whole TSF), it fluxed 0.38 kg day-1 nearly the same amount 
of arsenic as the non-hotspot (56.4 hectares) which fluxed 0.40 kg day-1. There is a 
possibility that dissolved oxygen dynamics is not the only factor contributing to arsenic 
fluxes as organic matter, bacterial activity, and sulphides also have impact on arsenic 
mobility and release into surface waters. 
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Chapter 4 General Discussions 
4.1 Abandoned Mines and Tailings Storage Facilities 
Abandoned or de-commissioned mines are the sources of numerous health, safety, 
environmental and socio-economic impacts. An abandoned mine is any mine site or 
mining related venture that is not operational, rehabilitated or actively managed, 
(Mhlongo and Amponsah-Dacosta, 2016). According to Lamb et al. (2015), there 
appears to be a broadening gap concerning rehabilitation expectations and actual 
practice, where the methods for achieving rehabilitation are understood and planned 
for by all companies however, are rarely achieved. A number of reasons exist for this 
poor track record of rehabilitation; including high costs involved, unclear 
responsibilities, lack of standards and criteria, uncertainty of source of funding given 
that profit making phase of companies would have ended, difficulty in re-establishing 
ecosystems in sites that have been greatly modified in addition to weak regulatory 
institutions and frameworks (Lamb et al., 2015; Mhlongo and Amponsah-Dacosta, 
2016). 
The stresses on the environment that is caused by abandoned mines depends on the 
mineral being mined for; in particular the associated geology where the mineralised 
rocks become exposed in the open pit and waste rock dumps (Abdul-Wahab Sabah 
Ahmed and Ameer, 2012). The type of mining whether underground or open pit and 
mineral processing together with the accumulation of tailings and mine waste (Kim et 
al., 2015) also contribute to stresses on the environment. Some examples in Australia 
include Mt Lyell, Tasmania, where rivers have become polluted due to untreated 
tailings being dumped into them and loss of vegetation because of air pollution from 
smelters (Lamb et al., 2015). Mt Morgan in Queensland is also an example of an 
abandoned mine which is a source of pollution to the river in the area with acid mine 
drainage from the water in the open cut pit (Lamb et al., 2015). In the South African 
area of Witwatersrand, where there has been a significant number of mining activities 
from 1886 to the early 1960’s, leading to the conurbation of Johannesburg, acid mine 
drainage (AMD) caused by oxidation of pyrite over the years is a huge problem 
(Reimann et al., 2009; Naicker et al., 2003; Durand, 2012). As underground gold 
mining operations went deeper, water that constantly flooded the mines had to be 
pumped (dewatered) to allow mining activities to continue (Durand, 2012). The 
extensive removal of water via pumping, caused the water table to drop as well as 
	 68	
interfere with ground water flow. With the cessation of pumping in 1998, the water 
table returned, mines became flooded and springs originally sustained by 
groundwater, once again flowed, except now with contaminated effluent. It is through 
groundwater rebound that AMD was brought to the surface (Durand, 2012). 
Contamination from tailings dams and impoundments via seepage are not ruled out 
as indicated by Hansen (2015), in his development of a geochemical model approach 
to identify contaminant leaching from tailings dams. In South Africa, water 
contaminated by AMD is an environmental socio-economic issue, not to mention a 
very costly one. Sadly, as with inherited issues, companies are reluctant to accept 
responsibility for these problems and is left to the government to handle (Durand, 
2012). The south west region of Korea has suffered soil contamination from heavy 
metal drainage emanating from twenty-eight abandoned mines. For example, the 
tailings of the Myungbong gold mine, also in Korea which has been contributing to 
arsenic contamination of the soil in the area (Kim et al., 2015; Ko et al., 2003). 
Tailings storage facilities (TSF) represent one of the most prominent environmental 
liabilities of mining operations. TSF are established to contain waste for example, 
metal mines often produce high volumes of waste due to the low concentration of 
metal content in the ore. The content of these wastes may vary from being inert to 
hazardous and water that is stored in the tailings dam is often contaminated. Mineral 
extractions such as for metalliferous deposits, involves a wet process in order to 
separate the mineral from the parent rock via flotation, cyanide dissolution and 
washing for instance. This produces fine grained residue, known as slurries and is in 
a form that is suitable for hydraulic pumping to and deposition in a tailings dam.  
According to Bell and Donnelly (2006), waste being produced is in the order of billions 
of tonnes annually. Past practices of these mine waste disposition was at the lowest 
cost because of very high volumes and often with this practice there is little regard for 
impacts on the environment as well as safety (Bell and Donnelly, 2006). Containment	
structures like tailings storage facilities are not without failures. Hundreds of tailings 
dams failures have been recorded worldwide resulting in loss of lives and damages to 
infrastructure and land (Bell and Donnelly, 2006; Wang et al., 2014). The causes of 
failures of tailings storage facilities include  
1. Weak foundation –  leading to the development of a failure plane in soil and 
rock underlying the foundation. 
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2. Earthquakes – these may prompt cyclic loading of slurry thereby causing 
liquefaction in materials used to construct the TSF. 
3. Rise in water level – lengthy periods of rainfall contributing to excessive rise in 
the pond water may cause overtopping of the TSF leading to failure in a very 
short time.  
4. Piping – this is related to subsurface flows associated with seepage causing 
erosion in the flow path and subsequent failure of the dam. 
5. Raising TSF wall – when this action takes place too quickly, excessive pore 
pressures could be generated inside the dam causing failure. 
6. Geotechnical complications of tailings structure 
7. Management of tailings stored in the TSF  
Hazardous chemicals contained in the TSF are introduced into surrounding 
environment including streams and rivers when tailings dams fail, seep into 
groundwater or overflow through spillways.  
The biogeochemical setting in tailings storage facilities include but is not limited to high 
dissolved/ solid-phase metal concentrations and low/high pH conditions (Widerlund et 
al., 2004). Dissolved oxygen in water columns also play a part in biogeochemical 
environments of TSF. It is characteristic of aquatic environments that the concentration 
of dissolved metal concentration in overlaying waters, is low due to adsorption to 
suspended particles or precipitation as solids as well as the deposition as sediments 
(Atkinson et al., 2007). Sediments in any tailings dam holds numerous elements and 
the cycling of these elements between sediment and water is controlled by the depth 
distribution of redox reactions taking place in the sediments. For instance, where there 
is the presence of oxygen, the oxygen becomes the electron acceptor in 
mineralization. However, once oxygen is depleted Mn2+, NO3-, Fe3+ and SO42- then 
take over the role of being electron acceptors and are utilised in cycling of elements in 
the sediment (Horppila et al., 2015). This indicates that dissolved oxygen is 
instrumental in biogeochemical processes occurring in bottom waters and sediments. 
Further to this, once the Fe- and Mn- (hydr)oxide phases are depleted, bacteria can 
reduce sulfate to sulphide that reacts and form complexes of metal sulphides whose 
solubility will control the fraction of dissolved metals in solution (Atkinson et al., 2007). 
Toxicity of metals in sediments depends very much on partitioning of metals between 
the pore waters and the sediment particles where dissolved metals in the pore water 
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are more toxic and bioavailable than metals bound to particles. Physico-chemical 
changes as a result of physical processes such as anthropogenic disturbances and 
activities by organisms are likely causes of resuspension of sediments with 
oxygenated overlaying waters. Resuspension of sediments and the subsequent 
mixing, alters water-sediment partitioning as well as metal speciation in the dissolved 
phase and thus alters the bioavailability of metals in the pore water as well as flux of 
metals from sediments. 
The use of tailings storage facilities gives a false sense of security to some degree. It 
is thought that being compounded, tailings and hence heavy metals and hazardous 
wastes are forever contained. While the prospect of collapsed TSF dams is very real, 
the interactions between TSF sediments and overlying waters can provide a pathway 
for continuous release of contaminants into the environment. This issue is of particular 
concern in high rainfall areas were TSF facilities will be in a positive water balance. 
Arsenic in the abandoned Gold Ridge TSF is in many ways a classic case of this 
chronic contamination issue.  
4.2 TSF arsenic inventory 
This research has provided additional information about arsenic, one of the many 
hazardous elements in the Gold Ridge TSF. Concentrations of arsenic in the surface 
waters, bottom sediments and sediment porewaters of the TSF were determined. It is 
also established during this research that a pathway by which arsenic mobilises from 
sediments into the surface waters is when dissolved oxygen concentrations in the 
water system becomes depleted, rendering the system to develop hypoxic or totally 
anoxic conditions. When the aqueous system is in a hypoxic condition, this ultimately 
leads to a reduction of redox reactions in the sediments also causing reduction and 
dissolution of iron oxyhydroxides which arsenic had formerly bound to (Banks et al., 
2012; Eggleton and Thomas, 2004; Riedel et al., 1997). This reduction influences 
desorption of metals and metalloids from iron oxyhydroxides, and therefore contributes 
to their bioavailability, as arsenic is partitioned from sediments into the sediment 
porewaters, through a diffusion gradient and eventually to the overlying bottom surface 
waters via upward migration, hence; mobility of arsenic (Banks et al., 2012; Couture 
et al., 2010; Azcue et al., 1994). From these information, an inventory of arsenic 
(Figure 4-1), particularly arsenic mass in the TSF is calculated for the TSF sediments, 
sediment porewaters and TSF surface waters. Based on an average sediment arsenic 
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concentration of 437.9 mg kg-1 (section 2.4.3) TSF sediments contain 28,462 kg of 
arsenic just in the top 5 cm of sediments.  
	
Figure 4-1: Arsenic inventory	of the Gold Ridge TSF, showing arsenic in surface 
waters, sediments, sediment porewaters and flux of arsenic from hotspot areas (13 
% of total area) nearly equalling arsenic flux of the whole dam.	
The sediment porewaters, contain an average concentration of 1.07 mg L-1, with a 
moisture content of 60% which translates to 20.9 kg of arsenic in porewaters of the 
top 5 cm of sediments. Based on an understanding of the volume of water within the 
TSF over time and total concentration, the mass of arsenic in the surface waters of the 
TSF ranged from 9 kg to 199 kg over three years as illustrated in Figure 4-1. An 
interesting feature is the increase in mass of arsenic in surface waters in the period 
following abandonment of the mine in April 2014, particularly from July 2015 to 
February 2016 where there was a substantial increase in both concentration and mass 
(Figure 4-2). Taking into account both the changes in water volume and concentration 
between July 2015 and February 2016, 144 kg of arsenic accumulated in the TSF 
surface waters over this six-month period. As this research determined, the source of 
arsenic in the TSF surface waters is from the bottom sediments. The results from 
porewater analysis of TSF sediments indicated that there are two distinct areas in the 
TSF, areas of high arsenic concentrations (2 -17.5 mg L-1) making up 13% of the TSF 
and areas of low arsenic concentrations (0-1.99 mg L-1) constituting 87% of the TSF 
as depicted in Figure 2-4 (bottom). The core incubation assessment (chapter 3) 
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covered cores from both these areas and from this study; flux rates of arsenic from the 
sediments were deduced under oxic and hypoxic conditions. 
	
	
Figure 4-2: Long-term	concentration and mass of arsenic in TSF surface waters. 
Mass of arsenic closely tracks concentration due to relative stability in water levels 
over this period.	
By using the inferred arsenic flux rates, it is possible to determine how many days it 
would hypothetically take for arsenic to flux from the sediments into the surface waters 
to yield the 144 kg of arsenic accumulated in surface waters between July 2015 and 
February 2016. Table 4.1 below exhibits the conditions and the number of days’ 
arsenic would need to flux to be able to explain the increase of arsenic in the TSF.  
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Table 4-1: Calculated arsenic fluxes and time	to achieve highest mass of arsenic in 
TSF. 
	
Individual zone Flux rate (mg m-2 day-1) Days to reach 144 kg 
Non-hotspot – Oxic 0.72 355 
Non-hotspot – Hypoxic 1.02 250 
Hotspot – Oxic 4.45 376 
Hotspot – Hypoxic 7.04 239 
   
Whole of system Normalised flux (kg day-
1) 
Days to reach 144 kg 
Oxic 0.41 + 0.38 183 
Hypoxic 0.58 + 0.60 122 
	
From the study of sediment porewater concentrations (section 2.4.1), it has been 
identified that the TSF is generally comprised of two zones – hotspot and hon-hotspot 
areas. Our core incubation study identified that arsenic fluxed from the sediments 
during oxic (dissolved oxygen > 1 mg L-1) but more intensely during hypoxic (dissolved 
oxygen < 1 mg L-1). Therefore, our calculations attempt to take into account all these 
conditions to explain how 144 kg of arsenic came to be present in the surface waters 
of the TSF. 
If an assumption was made that the fluxes were coming from non-hotspot areas only; 
under oxic conditions, it would take 355 days for 144 kg to accumulate over the 
observed timeframe. Under hypoxic conditions, it would take 250 days to accumulate 
that amount of arsenic. If it is assumed that fluxes contributing to the significant 
increase in arsenic was emanating from hotspots alone then it would take 376 days 
under oxic conditions and 239 days under hypoxic conditions.  
Since it is not proven that fluxes are from either hotspot or non-hotspot areas alone, 
further calculations were generated involving a combination of normalised arsenic 
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fluxes from both hotspots (HS) and non-hotspots (NHS) to determine the time it would 
take to flux 144 kg of arsenic.  
The calculations reveal that in oxic conditions, the normalised arsenic flux from HS is 
0.38 kg day -1 while NHS fluxed 0.41 kg day-1. This indicates that the area covered by 
HS which is only 13% of the whole 65 Ha TSF, is contributing and fluxing nearly as 
much arsenic as the NHS which makes up 87% of the TSF. In hypoxic conditions, HS 
areas flux more arsenic (0.60 kg day-1) while NHS fluxed 0.58 kg day-1. These 
calculations show that fluxes are occurring in both areas under oxic and hypoxic 
conditions. The point of concern is the HS areas which display a degree of influence 
in contributing arsenic to surface waters in short periods of time. A situation that 
produces a more realistic calculated result for arsenic fluxing in the TSF is through 
combining these normalised fluxes, that is oxic (HS + NHS) and hypoxic (HS + NHS). 
In doing so, arsenic flux for the whole TSF during oxic conditions was calculated to 
take 183 days to accrue 144 kg of arsenic. Conversely, it took 122 days in hypoxic 
conditions.  
The period of time it took for the increase in Figure 4-2 is from 8 July 2015 to 2 February 
2016, a total of 208 days or approximately 6.8 months. If during this time the dam was 
experiencing oxic conditions, it would take 6 months for sediments to flux 144 kg of 
arsenic. This condition possibly explains what had occurred in the TSF given the 
similarity in timeframe. If the dam had undergone hypoxic conditions, it would take 
only 4 months for the sediments to flux 144 kg of arsenic. Hypoxic conditions could 
have caused the mentioned increase however the changes and length of time that the 
TSF undergoes oxic and hypoxic conditions is not distinct and therefore it cannot be 
established at this time. However, from the calculations it is strongly suggested that 
the increase in arsenic in the surface waters of the TSF was due to oxic conditions. 
Flux rates deduced from the core incubation studies verify that hotspot areas prove 
influential in arsenic fluxes and contributions of dissolved arsenic to surface waters. 
According to Figure 4-2, from 4 April 2016 to 22 June 2016, there is a significant 
decrease in mass of arsenic in the TSF surface waters, a 92 kg decrease. Possible 
explanations for the decrease is dilution, because in April 2016, Gold Ridge area had 
experienced heavy rainfall which lead to uncontrolled discharge of untreated TSF 
surface waters into the surrounding environment. Precipitation/ co-precipitation with 
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oxyhydroxides of iron and manganese (Atkinson et al., 2007; Campanha et al., 2012) 
is also a possibility for the decrease in mass of arsenic during this time. 
Tailings storage facilities unlike return water dams and water retention dams, are built 
in stages as mining including waste production, progresses throughout the life of the 
mine (Schoenberger, 2016). These stages are achieved through sequentially raising  
the embankment via upstream, downstream or centreline methods (Kossof et al., 
2014). The bottom line is, TSF’s are used to contain tailings and only have a small 
decant pond where supernatant tailings water drain into as illustrated in Figure 4-3 
below. 
	
Figure 4-3: Cross section	showing elements of a typical conventional tailings dam. 
As tailings slurry is continuously pumped, there should be a larger area of beach or 
dry tailings near the dam wall with a small decant pond towards the centre of the 
dam. Reproduced from Togamana et al. (2013). 
Given that there are different types of ores that are mined, and processing and 
extraction of metals vary, the physical and chemical characteristics of tailings will also 
differ and therefore; it is acceptable to store tailings under water, particularly if there is 
a predomination of sulphides in the tailings, to prevent oxidation and the formation of 
acid mine drainage (Kossof et al., 2014). Not much research has been published on 
the effects of decreasing dissolved oxygen concentrations in a TSF impacting on 
arsenic flux into the surface waters. However, a number of studies have been 
conducted on arsenic fluxing from sediments and becoming mobile in rivers (Gorny et 
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al., 2015; Simmler et al., 2017), coastal soils (LeMonte et al., 2017), lakes impacted 
by mining (Martin and Pedersen, 2002; Azcue et al., 1994) as well as from marine 
sediments (Atkinson et al., 2007). All these studies point to redox reactions at the 
sediment surface as contributing factors in the mobilisation of arsenic whether into 
surface waters of rivers, seas, lakes and soils. Together with redox reactions, Eh, pH, 
biogeochemical cycling, anaerobic microbial respiration and ionic competition also 
cause arsenic to become mobile. In the case of the Gold Ridge TSF, the study showed 
that decreasing to depleted dissolved oxygen concentrations in the surface water of 
the TSF caused arsenic to flux from the sediments through the influence of redox 
reactions on the sediments imposed by depleted dissolved oxygen (hypoxic) 
concentrations and conditions. Studies conducted by Simmler et al. (2017) on the 
floodplain of the Ogosta River, Bulgaria and Xu et al. (2017b) on rice paddy fields in 
southern China are the only studies displaying similar conditions to tailings dam that 
is filled with water, which is a flooded flood plain and flooded rice paddies. These 
studies showed that flooded conditions caused arsenic and iron to become mobile and 
move into solution, from sediments as in southern China and in Bulgaria. The added 
impact of temperature (> 5-10 °C) also caused arsenic and iron to be solubilised after 
reduction of manganese and iron (Rouwane et al., 2016). Movement of metals, 
metalloids and contaminants from sediments of aquatic environments including TSF’s 
have now been realised, and recently, improvements in knowledge and skills to design 
and construct effective TSF’s and to transform slurry to other forms is being 
investigated and trialled. Conversions of tailings, such as making the watery slurry 
more viscous, (Schoenberger, 2016) and dry stacking of tailings reduces the tendency 
for chemical reactions that would otherwise lead to environmental problems. These 
conversions thereby, do not alter the shape and footprint of the TSF and in addition,  
effectively involves removal of excess water (Schoenberger, 2016). In achieving these 
conditions, they have the potentiality of being recommended as good practice. 
Irrespective of there being not enough literature on how dissolved oxygen 
concentrations and the lack of it causes arsenic to flux from sediments, what transpired 
during our studies coupled with literature indicating these processes in other aquatic 
environments, suggest that this mechanism is probable with arsenic and other 
contaminants in TSF’s around the globe. 
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4.3 Social Impact 
This thesis represents the first detailed assessment of the Gold Ridge TSF and the 
biogeochemical interactions driving surface water arsenic concentrations. 
Independent environmental reports prepared for the company have cited these issues 
but have not elaborated on the biogeochemical process in the TSF. Company reports 
on the concentrations of metals, metalloids and heavy metals show that there is high 
arsenic concentration but the assumption was made that despite the high 
concentrations the sediments and waters within the TSF were contained and posed 
no future risk to downstream communities. When the TSF was designed, it was not 
envisioned that the mine would suffer two periods of abandonment (2000-2010 and 
2014-present). During each period of abandonment, water in the TSF reached 
dangerously high levels attributed to rainfall. In addition, mismanagement of water 
usage during periods of mine operation where it was discovered that rather than 
reusing water from the TSF in the mill operations, the company had used river water 
in its mineral processing plant thus increasing the water level in the TSF further. A 
culmination of this mismanagement and abandonment led to the overtopping of the 
TSF in March 2016 and the release of 200,000 m3 of contaminated TSF waters into 
river systems (Armbruster, 2016).  
Amongst members of the more than 8000 community members residing downstream 
of the TSF (Figure 1-3), there is some level of understanding that the TSF contains 
water that is unsafe. It is particularly difficult for these downstream communities as the 
river that they depend on for bathing, drinking, washing and fishing is the same river 
that the TSF water is discharged into. The previous and most recent company that 
operated Gold Ridge played their part in making communities aware of the dangers of 
the TSF water and had taken measures to construct boreholes for the purposes of the 
community to draw safe and clean water for their livelihood. Most recently, the 
Solomon Islands Government purchased and distributed water tanks however most of 
them have not been properly set up for use (information as of April 2016). There is 
also a palm oil industry located further downstream of the TSF (Figure 1-3). It is clear 
that certain risks of mining and including associated structures such as the tailings 
storage facility is comprehended by the community as determined through oral 
communication with individuals in the community, however, information flow and 
transparency was one of the complaints that was claimed to not be fully addressed. In 
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addition, information disseminated to the community at that stage would have been 
vague as specific knowledge and details on the biogeochemical processes taking 
place within the TSF including arsenic release from TSF sediments over time was 
unknown.  
4.4 Areas of future research 
The aim of this research was to determine the source of arsenic contributing to 
increased arsenic concentrations in the Tailings Storage Facility waters of Gold Ridge 
Mine over 6 months (July 2015-February 2016). This research, in addressing its aims 
has provided considerable knowledge on several aspects; 1) arsenic budget within the 
TSF, 2) physical and chemical characteristics of the TSF waters and 3) how arsenic 
was mobilised in the TSF. 
In quantifying the arsenic budget of the TSF, it was determined that arsenic was 
present in surface waters, sediments and sediment porewaters, unacceptably 
exceeding WHO standards acceptable for human use. It was also deduced that 
physical and chemical characteristics of the TSF surface waters suggested reducing 
conditions (pH and PE-oxidation/reduction potentials) particularly at the water-
sediment interface. The range of Eh values (<100 mV) in the waters correspond to Eh 
values range when reductive dissolution of iron oxides begins to occur. At the 
sediment-water interface, dissolved	 oxygen decreases while turbidity increases, 
possibly suggesting precipitation of oxyhydroxides and consumption of dissolved 
oxygen. The core incubation assessment established that depleting dissolved oxygen 
in the cores caused substantial releases of arsenic from the sediments into the surface 
waters of the incubated cores suggesting oxidation reduction mechanisms at work. 
When taking the whole TSF into consideration, information obtained from the 
porewater analysis and the incubation study strongly suggests that certain areas in 
the TSF are seen to be fluxing more arsenic than others and hence are termed 
“hotspots”. Flux rates were calculated for the incubated cores and scaled to the whole 
TSF.  
There are some gaps that this research did not address and which are recommended 
to be undertaken in the future. These include arsenic speciation, identification of 
possible reasons for why hotspots are situated where they are, determination of 
periods of hypoxic and anoxic conditions in the TSF bottom surface waters and further 
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investigation of organic matter as well as total organic carbon as possible instigators 
of dissolved oxygen reduction in the water column.  
	 4.4.1 Arsenic speciation 
It is important to identify arsenic speciation in the Gold Ridge TSF because in the case 
of arsenic, its toxicity is dependent on the chemical form and not on the total amount 
of arsenic (Matanitobua, 2006). Knowing which species of arsenic is predominant and 
present in the TSF, will enable decision makers to decide upon the form of 
remediation/rehabilitation of the TSF to minimise environmental and human health 
impacts. Additionally, it is important that the pathways of arsenic impact are 
disseminated to the community to highlight that digesting arsenic in small amounts 
through ingesting food or water containing arsenic over a long period of time does lead 
to serious health problems (Bhattacharya et al., 2013; Hossain et al., 2013; Cho et al., 
2013; Santra et al., 2013). 	 
4.4.2 Hotspot location 
This thesis determined that there is a certain zone of the TSF where sediment 
porewater concentrations exceeded 2 mg L-1 covering an area of 8.6 hectares. This is 
termed the hotspot zone and arsenic flux during both oxic and anoxic conditions for 
this area is alarmingly high and therefore a determination of arsenic speciation can 
further elaborate whether these high fluxes involve arsenic species that are likely to 
contribute to environmental and health issues or not.  
The factors that contributed to the location of this hotspot zone is unknown at this point 
and is a gap that is worth addressing. It is known that during TSF construction, pipes 
were laid at the bottom of the TSF intended to congregate tailings to one particular 
area which corresponds to the current hotspot zone but this needs to be verified 
because latter tailings disposal was at the eastern corner of the TSF further away from 
the hotspot zone.		 		
	 4.4.3 Oxic and hypoxic period determination 
An equally important gap that needs to be identified is the times and duration the TSF 
waters undergo periods of oxic and hypoxic conditions. Arsenic flux rates have been 
calculated in this research and they tend to be very high during hypoxic periods. 
Therefore, knowing when exactly, and under what circumstances hypoxic conditions 
occur in the TSF, will be additional knowledge that decision makers can utilise when 
planning to remediate the TSF. A reasonable explanation for hypoxic periods is that 
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initially, the TSF contained just slurry (crushed rock and water) however it is possible 
that during the periods of abandonment, the bottom waters of the TSF water may have 
gradually become more hypoxic as increased organic loading begins to occur leading 
to consumption of dissolved oxygen to the point of decreased and or depleted DO 
conditions. 
	 4.4.4 Organic matter 
The presence of organic matter including organic carbon in the TSF was lacking during 
the early years of the TSF’s operations due to the fact that the TSF contained only 
crushed rock and water. However, overtime organic matter may have slowly 
accumulated during periods of abandonment of mining operations and disuse of the 
TSF. Organic matter, organic carbon, sulphides and bacterial activity also have 
impacts on arsenic flux. Influx of organic matter onto the sediment water interface 
together with the influence of low redox conditions cause arsenic bearing iron 
hydroxides at the surface to dissolve. This reductive dissolution then introduces 
arsenic to the bottom waters of the TSF (Andrade et al., 2010). Natural organic matter 
(NOM) effects the mobility and speciation of arsenic in water as it reacts with arsenic 
(Wang and Mulligan, 2006a). Microbial activity is also thought to influence arsenic	
mobilisation from the sediments through the work of metal reducing bacteria and 
encouraged by organic carbon. In addition, organic carbon plays a role in reducing 
sorbed As(V) to As(III) (Héry et al., 2010). As cycling of sulphur occurs in the system, 
it also undergoes redox cycling and forms arsenic sulfides and with links to 
transformation of iron leading to reduction in iron and arsenic release (Quicksall et al., 
2008). When there is an existence of a strong reducing condition in bottom sediments, 
this potentially leads to the formation of sulphide minerals which are able to exert 
controls on concentrations of arsenic (Bauer and Blodau, 2006). According to Biswas 
et al. (2011), there is a possibility that dissolution of carbonate minerals also influence 
aquatic chemistry and hence take part in mobilising arsenic. The presence of dissolved 
calcium in sediments correspondingly improves sorption of arsenic, while arsenic 
sorption tends to be reduced in the manifestation of anions such as phosphates, and 
bicarbonates which compete for sorption sites (Bauer and Blodau, 2006). Therefore, 
future investigations of arsenic and other metals in the Gold Ridge TSF surface waters 
should consider a study of organic matter, total organic carbon including microbial 
activity.	
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4.5 Future Recommendations 
	
This research has endeavoured to provide a perspective and understanding into the 
occurrence of elevated arsenic levels in the surface waters of the Gold Ridge TSF 
after abandonment of the mine. It was determined that TSF sediments and sediment 
porewaters had very high concentrations of arsenic. In addition, core incubation 
studies involving decreasing dissolved oxygen levels within the cores showed that 
hypoxic conditions imposed by the decrease in dissolved oxygen in the surface waters 
of the incubated cores encouraged arsenic to flux from the sediments into surface 
waters. Long-term water quality studies (Figure 2-3) indicate that arsenic 
concentrations fluctuated over the course of the three-year study showing a decrease 
during high rainfall events and minor increases during mining operations with the 
addition of slurry, however the greatest increase in arsenic concentrations occurred 
after mining operations ceased. This study therefore, focussed on elucidating the 
factors driving this increase in surface water arsenic after abandonment.  
While recent dewatering of the TSF has lowered the water levels of the TSF, this 
research determined that elevated arsenic concentrations continue to be present in 
surface waters.  This suggests that as long as there is water present in the TSF, 
arsenic will continue to be present in the surface waters as	a result of fluxes from 
sediments. Given the high rainfall environment and high costs associated with ongoing 
treatment and dewatering, the best course that can be suggested for the TSF is 
remediation and rehabilitation. Since there is no one size fits all in terms of 
remediation, the following discussions are options that the Solomon Islands 
Government, future companies and other stakeholders can investigate further when 
deliberating the need for remediation. 
One potential remediation option, utilises naturally occurring manganese oxides as 
well as synthetic manganese oxides. Manganese oxides can cause oxidation of As 
(III) to As (V) in soils and sediments. Since As (V) sorbs more strongly in the solid 
phase it does not tend to become mobile compared to As (III) which is not strongly 
sorbed to iron (oxyhydr)oxides for instance, and has a propensity to become mobile, 
partitioning into the solution phase (Xu et al., 2017b). Therefore, oxidation of As (III) 
by manganese oxides reduce and inhibit mobilisation of arsenic in soil. According to 
(Ehlert et al., 2014) in Xu et al. (2017b), an additional effect that manganese oxides 
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impose on As (III) through oxidization, is by raising the redox potential to a higher level 
resulting in impeding the actual reductive dissolution of iron (oxyhydr)oxides that have 
adsorbed arsenic and in turn hindering release of arsenic into solution. In the case of 
Gold Ridge TSF, our core incubations showed that oxic cores also fluxed out arsenic 
into the surface waters. So, while it may be proven that raising the redox potential 
inhibits flux, it may also slow flux rather than stop it altogether.  In studies conducted 
by Xu et al. (2017b), that investigated factors that cause arsenic to become mobilised 
in flooded conditions and evaluated the effects of manganese oxides on reductive 
arsenic release, it was determined that arsenic was mobilised in reduced conditions 
due to dissolution of iron (oxyhydr)oxides and secondly, the manganese oxide content 
of soils retarded arsenic mobilisation. It was also discovered that, synthetic 
manganese oxides also had the same impacts as indigenous manganese oxides in 
decreasing the amount of arsenic in solution phase. This strongly suggests that 
manganese oxides could definitely be successfully used in constraining arsenic in 
sediments and soil to become released into solution phase of soils/sediments and 
surface waters of the TSF. This option is recommended for control of arsenic in the 
Gold Ridge TSF, where it can be used to retard mobilisation of arsenic in surface 
waters while dewatering continues to a point where TSF water levels have decreased 
to enable rehabilitation activities to commence. 
Another option for remediation that can be considered when remediating small areas, 
such as the hotspot areas, that contain very high levels of arsenic concentrations that 
are dangerous to humans, is the ‘Dolocrete treatment’, which is a technique that uses 
chemical fixing culminating in immobilisation of hazardous minerals (Australian 
Government Department of Resources, 2009). This treatment could be put to use after 
total dewatering of the TSF in the Gold Ridge mine case and subject the dry tailings 
to Dolocrete treatment. With this treatment, arsenic can be immobilised by using a 
magnesium oxide binder and thus arsenic’s hazardous waste classification is 
converted to being industrial waste, and then disposed in an industrial waste facility. 
The only disadvantage with using the Dolocrete treatment, is the absence of a licensed 
waste facility to handle industrial waste in the Solomon Islands.  
If there is an absence of remediation, fluxes of arsenic into surface waters of the TSF 
are expected to continue. The addition of manganese oxides to the contaminated 
areas of the rehabilitated dams can inhibit fluxes and by subjecting contaminated 
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sediments to the dolocrete treatment can convert the waste (Figure 4-4) into a less 
hazardous waste or one that can be disposed of such as industrial waste. 
	
Figure 4-4: Conceptual	diagrams illustrating fate of arsenic in the TSF in a non-
rehabilitated state (A), a dewatered dam treated with manganese oxides (B) and a 
dewatered dam given the dolocrete treatment (C).	
When attempting to rehabilitate the TSF, the ultimate goal would be to return the area 
to a vegetated state or other possible land uses. Rehabilitation and remediation of the 
TSF would include dewatering the whole dam, addition of MgO to areas having highest 
concentration of arsenic, for example the hotspot areas or subjecting the hotspot area 
to the dolocrete treatment and disposing of the converted waste. The topography of 
the dam is then reshaped to prevent pooling before adding any soil.  Remediation of 
soils that are heavily contaminated by metals is a challenge for mining companies due 
to the magnitude of remediation and associated cost (Karimi et al., 2013) and is also 
	 84	
dependent on what the agreed end land use is and the part of the mine that needs to 
be rehabilitated such as the TSF, RWD, WRD or plant site. The usual practice of 
rehabilitation especially at closure would be to ensure that any potential acid forming 
(PAF) material is encapsulated by non-acid forming (NAF) material with some degree 
of soil cover and capping and finally establishment of vegetation upon engineering and 
insertion of topsoil. Diversion channels are also an important feature to add. A type of 
remediation that looks to be promising but is still in the research and development 
phase is phytoremediation, which utilises certain plants to extract toxic heavy metals 
from the soil (Padmavathiamma and Li, 2007). Examples of phytoremediation are:  
1. Phytostabilisation (Appendix E) – with phytostabilisation, certain plant species 
are used which can immobilise the contaminants in the soil via adsorption and 
accumulation by roots. By adsorption onto roots and what is termed as 
precipitation within the root zone metals/metalloids are thereby stabilised so 
they cannot be removed via groundwater, run-off or even wind (Karimi et al., 
2013; Padmavathiamma and Li, 2007; King et al., 2008) 
2. Phytovolatisation (Appendix F) – By phytovolatilisation,  metals and metalloids 
such as arsenic, mercury and selenium are adsorbed through the soil and then 
biologically converted into gaseous forms within the plant and released 
(Padmavathiamma and Li, 2007). 
3. Phytoextraction (Appendix G) – phytoextracrion also known as 
phytoaccumulation, is when metals/metalloids as contaminants are taken up 
via plant roots. The contaminants are then translocated to components of the 
plants that are above ground and thus metals/metalloids are removed when the 
plant biomass is harvested (Padmavathiamma and Li, 2007; Karimi et al., 
2013).  
Certain plants known as hyperaccumulators or natural metal hyperaccumulators, 
which are plants that are able to accumulate as well as tolerate huge concentrations 
of metals in their shoots may also be used.  
	
	
	
	 85	
References 
ABDUL,	K.	S.	M.,	JAYASINGHE,	S.	S.,	CHANDANA,	E.	P.	S.,	JAYASUMANA,	C.	&	SILVA,	P.	M.	C.	S.	D.	
2015.	Arsenic	and	human	health	effects:	A	review.	Environmental	Toxicology	and	
Pharmacology,	40,	828	-	846.	
ABDUL-WAHAB	SABAH	AHMED	&	AMEER,	M.	F.	2012.	The	environmental	impact	of	gold	mines:	
pollution	by	heavy	metals.	Central	European	Journal	of	Engineering,	2,	304-313.	
ABEDIN,	M.	J.,	CRESSER,	M.	S.,	MEHARG,	A.	A.,	FELDMANN,	J.	&	J.COTTER-HOWELLS	2002.	Arsenic	
accumulation	and	metabolism	in	rice.	Environmental	Science	and	Technology,	35,	962-968.	
ADIANSYAH,	J.	S.,	ROSANO,	M.,	VINK,	S.	&	KEIR,	G.	2015.	A	framework	for	a	sustainable	approach	to	
mine	tailings	management:	disposal	strategies.	Journal	of	Cleaner	Production,	108,	1050	-	
1062.	
AHMANN,	D.	1997.	Microbial	Mobilization	of	Arsenic	from	Sediments	of	the	Aberjona	Watershed.	
Environmental	science	&	technology,	31,	2923-2930.	
AHMED,	K.	M.,	BHATTACHARYA,	P.,	HASAN,	M.	A.,	AKHTER,	S.	H.,	ALAM,	S.	M.	M.,	BHUYIAN,	M.	A.	
H.,	IMAM,	M.	B.,	KHAN,	A.	A.	&	SRACEK,	O.	2004.	Arsenic	enrichment	in	groundwater	of	the	
alluvial	aquifers	in	Bangladesh:	an	overview.	Applied	Geochemistry,	19,	181-200.	
ALBERT,	S.	2016.	Data	report	on	water	quality	within	Gold	Ridge	catchments	and	Tailings	Storage	
Facility	-	April	2016.	Brisbane:	The	University	of	Queensland.	
ALBERT,	S.,	GRINHAM,	A.,	HELIOTIS,	K.,	DICKSON,	M.,	PANAPIO,	H.	&	SAE,	S.	2014.	Water	and	
Sediment	Quality	Assessment	Downstream	of	Gold	Ridge	Mine,	Solomon	Islands,	October	
2014.	Brisbane,	Queenlsand:	The	University	of	Queensland.	
ALBERT,	S.,	GRINHAM,	A.,	HUGHES,	A.,	JOHNSTONE,	E.,	OFEA,	A.	K.	&	KERA,	J.	2015.	Rapid	
Assessment	of	Metapona	River	Mouth,	Tetere	Bay,	Solomon	Islands.	Brisbane,	Australia:	The	
University	of	Queensland.	
ALBERT,	S.,	GRINHAM,	A.,	JACOB,	K.	&	DEERING,	N.	2018.	Assessment	of	water	and	sediment	quality	
within	the	Gold	Ridge	Tailings	Storage	Facility	and	riverine	sites	downstream	of	Gold	Ridge	
Mine,	Solomon	Islands.	UNDP.	
ALBERT,	S.,	GRINHAM,	A.,	PIKACHA,	P.,	BOSETO,	D.	&	JOHNSTONE,	E.	2016.	Aquatic	baseline	surveys	
for	rivers	connected	to	the	Matepona	River	system	in	relation	to	the	Gold	Ridge	Tailings	
Storage	Facility.	Brisbane,	Australia:	School	of	Civil	Engineering,	The	Universtiy	of	
Queensland.	
ALLEN,	M.	&	DINNEN,	S.	2010.	The	north	downunder:	antimonies	of	conflict	and	intervention	in	
Solomon	Islands.	Conflict,	Security	and	Development,	10,	300-327.	
ALLEN,	M.	G.	2013.	Greed	and	Grievance:	Ex-militants'	Perspectives	on	the	Conflict	in	Solomon	
Islands,	1998-2003,	University	of	Hawai'i	Press.	
ALLOWAY,	B.	&	AYRES,	D.	C.	1997.	Chemical	principles	of	environmental	pollution,	CRC	press.	
ANAWAR,	H.	M.,	AKAI,	J.,	KOMAKI,	K.,	TERAO,	H.,	YOSHIOKA,	T.,	ISHIZUKA,	T.,	SAFIULLAH,	S.	&	KATO,	
K.	2003.	Geochemical	occurrence	of	arsenic	in	groundwater	of	Bangladesh:	sources	and	
mobilization	processes.	Journal	of	Geochemical	Exploration,	77,	109-131.	
ANDERSEN,	A.	B.,	THILSTED,	S.	H.	&	SCHWARZ,	A.	M.	2013.	Food	and	nutrition	security	in	Solomon	
Islands.	CGIAR.	
ANDRADE,	C.	F.,	JAMIESON,	H.	E.,	KYSER,	T.	K.,	PRAHARAJ,	T.	&	FORTIN,	D.	2010.	Biogeochemical	
redox	cycling	of	arsenic	in	mine-impacted	lake	sediments	and	co-existing	pore	waters	near	
Giant	Mine,	Yellowknife	Bay,	Canada.	Applied	Geochemistry,	25,	199-211.	
ARMBRUSTER,	S.	2016.	Major	tailings	dam	sspill	at	Solomon	Islands	‘disaster’	gold	mine.	SBS	World	
News	Radio.	
ASSOCIATES,	G.	1998.	Report	1:	Geotechnical	investigation	and	design	of	the	return	water	dam	and	
stage	1	of	the	tailing	dam	Gold	Ridge	Mine,	Guadalcanal,	Solomon	Islands.	Gold	Ridge	
Mining	Limited.	
	 86	
ATKINSON,	C.	A.,	JOLLEY,	D.	F.	&	SIMPSON,	S.	L.	2007.	Effect	of	overlying	water	pH,	dissolved	oxygen,	
salinity	and	sediment	disturbances	on	metal	release	and	sequestration	from	metal	
contaminated	marine	sediments.	Chemosphere,	69,	1428-1437.	
AUSTRALIAN	GOVERNMENT	DEPARTMENT	OF	RESOURCES,	E.	A.	T.	2009.	Hazardous	Materials	
Management,	Commonwealth	of	Australia.	
AZCUE,	J.	M.	&	NRIAGU,	J.	O.	1995.	Impact	of	abandoned	mine	tailings	on	the	arsenic	concentrations	
in	Moira	Lake,	Ontario.	Geochemical	Exploration,	52,	81-89.	
AZCUE,	J.	M.,	NRIAGU,	J.	O.	&	SCHIFF,	S.	1994.	Role	of	sediment	porewater	in	the	cycling	of	arsenic	in	
a	mine-polluted	lake.	Environment	International,	20,	517-527.	
BANKS,	J.	L.,	ROSS,	D.	J.,	KEOUGH,	M.	J.,	EYRE,	B.	D.	&	MACLEOD,	C.	K.	2012.	Measuring	hypoxia	
induced	metal	release	from	highly	contaminated	estuarine	sediments	during	a	40	day	
laboratory	incubation	experiment.	Science	of	The	Total	Environment,	420,	229-237.	
BAUER,	M.	&	BLODAU,	C.	2006.	Mobilization	of	arsenic	by	dissolved	organic	matter	from	iron	oxides,	
soils	and	sediments.	Science	of	The	Total	Environment,	354,	179-190.	
BELL,	F.	G.	&	DONNELLY,	L.	J.	2006.	Mining	and	its	impact	on	the	environment,	New	York;London;,	
Taylor	&	Francis.	
BENNETT,	J.	2002.	Roots	of	conflict	in	Solomon	Islands-though	much	is	taken,	much	abides:	legacies	
of	tradition	and	colonialism.	
BHATTACHARYA,	P.,	SAMAL,	A.	C.,	MAJUMDAR,	J.,	BANERJEE,	S.	&	SANTRA,	S.	C.	2013.	In	vitro	
assessment	on	the	impact	of	soil	arsenic	in	the	eight	rice	varieties	of	West	Bengal,	India.	
Journal	of	Hazardous	Materials,	262,	1091-1097.	
BHATTACHARYA,	P.,	WELCH,	A.	H.,	STOLLENWERK,	K.	G.,	MCLAUGHLIN,	M.	J.,	BUNDSCHUH,	J.	&	
PANAULLAH,	G.	2007.	Arsenic	in	the	environment:	Biology	and	Chemistry.	Science	of	The	
Total	Environment,	379,	109-120.	
BHOWMICK,	S.,	NATH,	B.,	HALDER,	D.,	BISWAS,	A.,	MAJUMDER,	S.,	MONDAL,	P.,	CHAKRABORTY,	S.,	
NRIAGU,	J.,	BHATTACHARYA,	P.,	IGLESIAS,	M.,	ROMAN-ROSS,	G.,	GUHA	MAZUMDER,	D.,	
BUNDSCHUH,	J.	&	CHATTERJEE,	D.	2013.	Arsenic	mobilization	in	the	aquifers	of	three	
physiographic	settings	of	West	Bengal,	India:	Understanding	geogenic	and	anthropogenic	
influences.	Journal	of	Hazardous	Materials,	262,	915-923.	
BHUMBLA,	D.	K.	&	KEEFER,	R.	F.	1994.	Arsenic	Mobilization	and	Bioavailbility	in	Soils.	In:	NRIAGU,	J.	
O.	(ed.)	Arsenic	in	the	Environment,	Part	I	:	Cycling	and	Characterization.	John	Wiley	&	Sons,	
Inc.	.	
BISWAS,	A.,	MAJUMDER,	S.,	NEIDHARDT,	H.,	HALDER,	D.,	BHOWMICK,	S.,	MUKHERJEE-GOSWAMI,	A.,	
KUNDU,	A.,	SAHA,	D.,	BERNER,	Z.	&	CHATTERJEE,	D.	2011.	Groundwater	chemistry	and	redox	
processes:	Depth	dependent	arsenic	release	mechanism.	Applied	Geochemistry,	26,	516-525.	
BUTCHER,	M.	G.	2012.	Independent	Investigation	on	Gold	Recovery	Variance	at	the	Gold	Ridge	
Mines	Guadalcanal	Solomon	Islands.	G	Butcher	Consulting	Pty	Ltd.	
CAI,	Y.,	ZHANG,	H.,	YUAN,	G.	&	LI,	F.	2017.	Sources,	speciation	and	transformation	of	arsenic	in	the	
gold	mining	impacted	Jiehe	River,	China.	Applied	Geochemistry,	84,	254-261.	
CAMPANHA,	M.	B.,	MOREIRA,	A.	B.	&	BISINOTI,	M.	C.	2012.	Metal	fluxes	at	the	sediment–water	
interface	in	rivers	in	the	Turvo/Grande	drainage	basin,	São	Paulo	State,	Brazil.	Journal	of	
Soils	and	Sediments,	12,	1508-1516.	
CAVALCA,	L.,	CORSINI,	A.,	ZACCHEO,	P.,	ANDREONI,	V.	&	MUYZER,	G.	2013.	Microbial	
transformations	of	arsenic:	perspectives	for	biological	removal	of	arsenic	from	water.	Future	
Microbiology,	8,	753	-	768.	
CBSI	2013.	Central	Bank	of	Solomon	Islands	Annual	Report	2013,	Honiara,	Central	Bank	of	Solomon	
Islands.	
CHENG,	H.,	HU,	Y.,	LUO,	J.,	XU,	B.	&	ZHAO,	J.	2009.	Geochemical	processes	controlling	fate	and	
transport	of	arsenic	in	acid	mine	drainage	(AMD)	and	natural	systems.	Journal	of	Hazardous	
Materials,	165,	13-26.	
	 87	
CHO,	Y.,	SEO,	S.,	CHOI,	S.-H.,	LEE,	S.,	KIM,	K.,	KIM,	H.-J.	&	CHOI,	J.-W.	2013.	Association	of	arsenic	
levels	in	soil	and	water	with	urinary	arsenic	concentration	of	residents	in	the	vicinity	of	
closed	metal	mines.	International	Journal	of	Hygiene	and	Environmental	Health,	216,	255-
262.	
CHOONG,	T.	S.	Y.,	CHUAH,	T.	G.,	ROBIAH,	Y.,	GREGORY	KOAY,	F.	L.	&	AZNI,	I.	2007.	Arsenic	toxicity,	
health	hazards	and	removal	techniques	from	water:	an	overview.	Desalination,	217,	139-
166.	
COUTURE,	R.-M.,	GOBEIL,	C.	&	TESSIER,	A.	2010.	Arsenic,	iron	and	sulfur	co-diagenesis	in	lake	
sediments.	Geochimica	et	Cosmochimica	Acta,	74,	1238-1255.	
DINNEN,	S.	2002.	Winners	and	losers:	Politics	and	disorder	in	the	Solomon	Islands	2000-2002.	
Journal	of	Pacific	History,	37,	285-298.	
DUKER,	A.	A.,	CARRANZA,	E.	J.	M.	&	HALE,	M.	2005.	Arsenic	geochemistry	and	health.	Environment	
International,	31,	631-641.	
DURAND,	J.	F.	2012.	The	impact	of	gold	mining	on	the	Witwatersrand	on	the	rivers	and	karst	system	
of	Gauteng	and	North	West	Province,	South	Africa.	Journal	of	African	Earth	Sciences,	68,	24	-	
43.	
EARTH,	G.	2018.	Gold	Ridge,	Guadalcanal,	Solomon	Islands	[Online].	Google	Earth.	Available:	
http://earth.google.com/	[Accessed	2	August	2018].	
EDRAKI,	M.,	BAUMGARTL,	T.,	MANLAPIG,	E.,	BRADSHAW,	D.,	FRANKS,	D.	M.	&	MORAN,	C.	J.	2014.	
Designing	mine	tailings	for	better	environmental,	social	and	economic	outcomes:	a	review	of	
alternative	approaches.	Journal	of	Cleaner	Production,	84,	411-420.	
EGGLETON,	J.	&	THOMAS,	K.	2004.	A	review	of	factors	affecting	the	release	and	bioavailability	of	
contaminants	during	sediment	disturbance	events.	Environment	International,	30,	973	-	980.	
EHLERT,	K.,	MIKUTTA,	C.	&	KRETZSCHMAR,	R.	2014.	Impact	of	birnessite	on	arsenic	and	iron	
speciation	during	microbial	reduction	of	arsenic-bearing	ferrihydrite.	Environmental	Science	
&	Technology,	48,	11320	-	11329.	
EVANS,	D.	2010.	Tensions	at	the	Gold	Ridge	Mine,	Guadalcanal,	Solomon	Islands.	Pacific	Economic	
Bulletin,	25,	121-134.	
FERGUSON,	J.	F.	&	GAVIS,	J.	1972.	A	review	of	the	arsenic	cycle	in	natural	waters.	Water	Research,	6,	
1259-1274.	
FRAENKEL,	J.	2004.	The	Manipulation	of	Custom:	from	uprising	to	intervention	in	the	Solomon	
Islands,	Victoria	University	Press.	
FRAENKEL,	J.,	ALLEN,	M.	&	BROCK,	H.	2010.	The	resumption	of	palm-oil	production	on	Guadalcanal’s	
northern	plains.	Pacific	Economic	Bulletin.	
GAILLARDET,	J.,	VIERS,	J.	&	DUPRE,	B.	2014.	Trace	Elements	in	River	Waters.	In:	HOLLAND,	H.	D.	&	
TUREKIAN,	K.	K.	(eds.)	Treatise	on	Geochemistry.	2nd	ed.:	Elsevier	Ltd.	
GODFREY,	S.,	BATTISTA,	J.	&	SHOWELL,	T.	2011a.	Competent	Persons'	Report	Gold	Ridge	Project,	
Guadalcanal,	Solomon	Islands.	Golder	Associates.	
GODFREY,	S.,	BATTISTA,	J.	&	SHOWELL,	T.	2011b.	Competent	Persons'	Report:	Gold	Ridge	Gold	
Project,	Guadalcanal,	Solomon	Islands.	Golder	Associates.	
GOLDER	ASSOCIATES	1997.	Geotechnical	Investigation	and	Design	of	Tailings	Dam	3	and	the	Return	
Water	Dam	for	the	Gold	Ridge	Mine,	Guadalcanal,	Solomon	Islands.	Brisbane:	Ross	Mining	
NL.	
GOLDER	ASSOCIATES	1998.	Tailings	Storage	Facility	Contingency	Planning	Gold	Ridge	Mine.	Brisbane:	
Ross	Mining	NL.	
GOLDER	ASSOCIATES	2005a.	Environmental	Audit	for	the	re-commencement	of	open	pit	gold	mining	
at	Gold	Ridge.	Golder	Associates.	
GOLDER	ASSOCIATES	2005b.	The	geotechnical	condition	of	the	tailings	storage	facility	as	the	Gold	
Ridge	Mine,	Solomon	Islands.	Gold	RIdge	Mining	Limited.	
	 88	
GORNY,	J.,	BILLON,	G.,	LESVEN,	L.,	DUMOULIN,	D.,	MADÉ,	B.	&	NOIRIEL,	C.	2015.	Arsenic	behavior	in	
river	sediments	under	redox	gradient:	A	review.	Science	of	The	Total	Environment,	505,	423-
434.	
GRML	2011.	Gold	Ridge	Mine	Environment	Report	2011.	Honiara:	Gold	Ridge	Mining	Limited.	
GRML	2012.	Gold	Ridge	Mining	Limited:	Quarterly	Mining	Report	for	period	1	April	to	30	June	2012.	
Honiara:	Gold	Ridge	Mining	Limited.	
HANSEN,	R.	N.	2015.	Contaminant	leaching	from	gold	mining	tailings	dams	in	the	Witwatersrand	
Basin,	South	Africa:	A	new	geochemical	modelling	approach.	Applied	Geochemistry,	61,	217	-	
223.	
HARVEY,	C.	F.,	SWARTZ,	C.	H.,	BADRUZZAMAN,	A.	B.	M.,	KEON-BLUTE,	N.,	YU,	W.,	ALI,	M.	A.,	JAY,	J.,	
BECKIE,	R.,	NIEDAN,	V.,	BRABANDER,	D.,	OATES,	P.	M.,	ASHFAQUE,	K.	N.,	ISLAM,	S.,	
HEMOND,	H.	F.	&	AHMED,	M.	F.	2002.	Arsenic	Mobility	and	Groundwater	Extraction	in	
Bangladesh.	Science,	298,	1602-1606.	
HEIKENS,	A.,	PANAULLAH,	G.	M.	&	MEHARG,	A.	A.	2007.	Arsenic	Behaviour	from	Groundwater	and	
Soil	to	Crops:	Impacts	on	Agriculture	and	Food	Safety.	In:	WHITACRE,	D.	M.,	WARE,	D.	G.	W.	
&	NIGG,	D.	H.	N.	(eds.)	Reviews	of	Environmental	Contamination	and	Toxicology.	Springer	
New	York.	
HELZ,	G.	R.	&	TOSWELL,	J.	A.	2008.	Thermodynamic	model	for	arsenic	speciation	in	sulfidic	waters:	a	
novel	use	of	ab	initio	computations.	Geochimica	et	Cosmochimica	Acta,	72,	4457-4468.	
HÉRY,	M.,	VAN	DONGEN,	B.,	GILL,	F.,	MONDAL,	D.,	VAUGHAN,	D.,	PANCOST,	R.,	POLYA,	D.	&	LLOYD,	
J.	2010.	Arsenic	release	and	attenuation	in	low	organic	carbon	aquifer	sediments	from	West	
Bengal.	Geobiology,	8,	155-168.	
HORPPILA,	J.,	KÖNGÄS,	P.,	NIEMISTÖ,	J.	&	HIETANEN,	S.	2015.	Oxygen	flux	and	penetration	depth	in	
the	sediments	of	aerated	and	non-aerated	lake	basins.	International	Review	of	Hydrobiology,	
100,	106-115.	
HOSSAIN,	M.	A.,	RAHMAN,	M.	M.,	MURRILL,	M.,	DAS,	B.,	ROY,	B.,	DEY,	S.,	MAITY,	D.	&	
CHAKRABORTI,	D.	2013.	Water	consumption	patterns	and	factors	contributing	to	water	
consumption	in	arsenic	affected	population	of	rural	West	Bengal,	India.	Science	of	The	Total	
Environment,	463?464,	1217-1224.	
HOSSAIN,	M.	F.	2006.	Arsenic	contamination	in	Bangladesh	-	An	overview.	Agriculture,	Ecosystems	
and	Environment,	113,	1-16.	
HUANG,	T.	2015.	Water	pollution	and	water	quality	control	of	selected	Chinese	reservoir	basins,	
Springer.	
KABUTAULAKA,	T.	T.	2001.	Beyond	ethnicity:	The	political	economy	of	the	Guadalcanal	crisis	in	
Solomon	Islands.	
KARIMI,	N.,	GHADERIAN,	S.	M.	&	SCHAT,	H.	2013.	Arsenic	in	soil	and	vegetation	of	a	contaminated	
area.	International	Journal	of	Environmental	Science	and	Technology	:	(IJEST),	10,	743-752.	
KIM,	S.-D.,	HYON-SEUNG,	D.	&	SEUNG-JOO,	L.	2015.	Contamination	of	soil	with	heavy	metals	drained	
out	from	abandoned	mines	in	the	south-west	region	of	Korea.	Environment	Protection	
Engineering,	41,	61-72.	
KING,	D.	J.,	DORONILA,	A.	I.,	FEENSTRA,	C.,	BAKER,	A.	J.	M.	&	WOODROW,	I.	E.	2008.	
Phytostabilisation	of	arsenical	gold	mine	tailings	using	four	Eucalyptus	species:	Growth,	
arsenic	uptake	and	availability	after	five	years.	Science	of	The	Total	Environment,	406,	35-42.	
KO,	I.,	SUNG	AHN,	J.,	SEOG	PARK,	Y.	&	KIM,	K.-W.	2003.	Arsenic	contamination	of	soils	and	sediments	
from	tailings	in	the	vicinity	of	Myungbong	Au	mine,	Korea.	Chemical	Speciation	&	
Bioavailability,	15,	67-74.	
KOHFAHL,	C.,	NAVARRO,	D.	S.-R.,	MENDOZA,	J.	A.,	VADILLO,	I.	&	GIMÉNEZ-FORCADA,	E.	2016.	Algae	
metabolism	and	organic	carbon	in	sediments	determining	arsenic	mobilisation	in	ground-	
and	surface	water.	A	field	study	in	Doñana	National	Park,	Spain.	Science	of	The	Total	
Environment,	544,	874-882.	
	 89	
KOSSOF,	D.,	DUBBIN,	W.	E.,	ALFREDSSON,	M.,	EDWARDS,	S.	J.,	MACKLIN,	M.	G.	&	HUDSON-
EDWARDS,	K.	A.	2014.	Mine	tailings	dams:	Characteristics,	failure,	environmental	impacts	
and	remediation.	Applied	Geochemistry,	51,	229-245.	
KWON,	J.	C.,	LEE,	J.-S.	&	JUNG,	M.	C.	2012.	Arsenic	contamination	in	agricultural	soils	surrounding	
mining	sites	in	relation	to	geology	and	mineralization	types.	Applied	Geochemistry,	27,	1020-
1026.	
LAMB,	D.,	ERSKINE,	P.	D.	&	FLETCHER,	A.	2015.	Widening	gap	between	expectations	and	practice	in	
Australian	minesite	rehabilitation.	Ecological	Management	&	Restoration,	16,	186-195.	
LANGMUIR,	D.	1997.	Aqueous	Environmental	Chemistry,	Upper	Saddle	River,	New	Jersey,	Prentice-
Hall	Inc.	
LANGMUIR,	D.,	MAHONEY,	J.,	MACDONALD,	A.	&	ROWSON,	J.	1999.	Predicting	arsenic	
concentrations	in	the	porewaters	of	buried	uranium	mill	tailings.	Geochimica	et	
Cosmochimica	Acta,	63,	3379-3394.	
LEMONTE,	J.	J.,	STUCKEY,	J.	W.,	SANCHEZ,	J.	Z.,	TAPPERO,	R.,	RINKLEBE,	J.	&	SPARKS,	D.	L.	2017.	Sea	
Level	Rise	Induced	Arsenic	Release	from	Historically	Contaminated	Coastal	Soils.	
Environmental	Science	&	Technology,	51,	5913	-	5922.	
LI,	X.,	COLES,	B.	J.,	RAMSEY,	M.	H.	&	THORNTON,	I.	1995.	Chemical	partitioning	of	the	new	National	
Institute	of	Standards	and	Technology	standard	reference	materials	(SRM	2709-2711)	by	
sequential	extraction	using	inductively	coupled	plasma	atomic	emission	spectrometry.	
Analyst,	120,	1415-1419.	
LIE`VREMONT,	D.,	BERTIN,	P.	N.	&	LETT,	M.-C.	2009.	Arsenic	in	contaminated	waters:	
Biogeochemical	cycle,	microbial	metabolism	and	biotreatment	processes.	Biochimie,	91,	
1229	-	1237.	
LILOQULA,	R.	&	POLLARD,	A.	A.	E.	2000.	Understanding	conflict	in	Solomon	Islands:	a	practical	means	
to	peacemaking.	
LIN,	H.-J.,	SUNG,	T.-I.,	CHEN,	C.-Y.	&	GUO,	H.-R.	2013.	Arsenic	levels	in	drinking	water	and	mortality	
of	liver	cancer	in	Taiwan.	Journal	of	Hazardous	Materials,	262,	1132-1138.	
MACDONALD,	D.	D.,	INGERSOLL,	C.	G.	&	BERGER,	T.	2000.	Development	and	evaluation	of	
consensus-based	sediment	quality	guidelines	for	freshwater	ecosystems.	Archives	of	
environmental	contamination	and	toxicology,	39,	20-31.	
MAHARJAN,	M.,	WATANABE,	C.,	AHMED,	S.	A.	&	OHTSUKA,	R.	2005.	Arsenic	contamination	in	
drinking	water	and	skin	manifestations	in	lowland	Nepal:	The	firt	community	survey.	
American	Journal	of	Tropical	Medicine	and	Hygiene,	73,	477	-	479.	
MAHONEY,	J.,	LANGMUIR,	D.,	GOSSELIN,	N.	&	ROWSON,	J.	2005.	Arsenic	readily	released	to	pore	
waters	from	buried	mill	tailings.	Applied	Geochemistry,	20,	947-959.	
MANDAL,	B.	K.	&	SUZUKI,	K.	T.	2002.	Arsenic	round	the	world:	a	review.	Talanta,	58,	201-235.	
MARABOTTINI,	R.,	STAZI,	S.	R.,	PAPP,	R.,	GREGO,	S.	&	MOSCATELLI,	M.	C.	2013.	Mobility	and	
distribution	of	arsenic	in	contaminated	mine	soils	and	its	effects	on	the	microbial	pool.	
Ecotoxicology	and	Environmental	Safety,	96,	147-153.	
MARTIN,	A.	J.	&	PEDERSEN,	T.	F.	2002.	Seasonal	and	Interannual	Mobility	of	Arsenic	in	a	Lake	
Impacted	by	Metal	Mining.	Environmental	Science	&	Technology,	36,	1516-1523.	
MARTIN,	R.,	DOWLING,	K.,	PEARCE,	D.	C.,	FLORENTINE,	S.,	BENNETT,	J.	W.	&	STOPIC,	A.	2015.	Size-
dependent	characterisation	of	historical	gold	mine	wastes	to	examine	human	pathways	of	
exposure	to	arsenic	and	other	potentially	toxic	elements.	Environmental	Geochemistry	and	
Health,	37.	
MASSCHELEYN,	P.	H.,	DELAUNE,	R.	D.	&	PATRICK,	W.	H.	1991.	Effect	of	redox	potential	and	pH	on	
arsenic	speciation	and	solubility	in	a	contaminated	soil.	Environmental	Science	&	Technology,	
25,	1414-1419.	
MASSON,	M.,	SCHÄFER,	J.,	BLANC,	G.	&	PIERRE,	A.	2007.	Seasonal	variations	and	annual	fluxes	of	
arsenic	in	the	Garonne,	Dordogne	and	Isle	Rivers,	France.	Science	of	The	Total	Environment,	
373,	196-207.	
	 90	
MATANITOBUA,	V.	P.	2006.	Arsenic	Speciation	of	Mine	Wastes	for	Risk	Assessment.	The	University	of	
Queensland.	
MATERA,	V.,	LE	HECHO,	I.,	LABOUDIGUE,	A.,	THOMAS,	P.,	TELLIER,	S.	&	ASTRUC,	M.	2003.	A	
methodological	approach	for	the	identification	of	arsenic	bearing	phases	in	polluted	soils.	
Environmental	Pollution,	126,	51-64.	
MCARTHUR,	J.	M.,	BANERJEE,	D.	M.,	HUDSON-EDWARDS,	K.	A.,	MISHRA,	R.,	PUROHIT,	R.,	
RAVENSCROFT,	P.,	CRONIN,	A.,	HOWARTH,	R.	J.,	CHATTERJEE,	A.,	TALUKDER,	T.,	LOWRY,	D.,	
HOUGHTON,	S.	&	CHADHA,	D.	K.	2004.	Natural	organic	matter	in	sedimentary	basins	and	its	
relation	to	arsenic	in	anoxic	ground	water:	the	example	of	West	Bengal	and	its	worldwide	
implications.	Applied	Geochemistry,	19,	1255-1293.	
MCINTYRE,	D.	O.	&	LINTON,	T.	K.	2011.	6	-	Arsenic.	In:	CHRIS	M.	WOOD,	A.	P.	F.	&	COLIN,	J.	B.	(eds.)	
Fish	Physiology.	Academic	Press.	
MHLONGO,	S.	E.	&	AMPONSAH-DACOSTA,	F.	2016.	A	review	of	problems	and	solutions	of	
abandoned	mines	in	South	Africa.	International	Journal	of	Mining,	Reclamation	and	
Environment,	30,	279-294.	
MOK,	W.	M.	&	WAI,	C.	M.	1994.	Mobilisation	of	Arsenic	in	Contaminated	River	Waters.	In:	NRIAGU,	
J.	O.	(ed.)	Arsenic	in	the	Environment	Part	I:	Cycling	and	Characterization.	John	Wiley	&	Sons.	
MORIARTY,	M.	M.,	LAI,	V.	W.	M.,	KOCH,	I.,	CUI,	L.,	COMBS,	C.,	KRUPP,	E.	M.,	FELDMANN,	J.,	CULLEN,	
W.	R.	&	REIMER,	K.	J.	2014.	Speciation	and	toxicity	of	arsenic	in	mining-affected	lake	
sediments	in	the	Quinsam	watershed,	British	Columbia.	Science	of	The	Total	Environment,	
466–467,	90-99.	
MORTON,	W.	E.	&	DUNNETTE,	D.	A.	1994.	Health	Effects	of	Environmental	Arsenic.	In:	NRIAGU,	J.	O.	
(ed.)	Arsenic	in	the	Environment,	Part	II	:	Human	Health	and	Ecosystem	Effects.	New	York:	
John	Wiley	&	Sons,	Inc.	
MUDD,	G.	M.	2007.	Gold	mining	in	Australia:	linking	historical	trends	and	environmental	and	
resource	sustainability.	Environmental	Science	&	Policy,	10,	629	-	644.	
NAICKER,	K.,	CUKROWSKA,	E.	&	MCCARTHY,	T.	S.	2003.	Acid	mine	drainage	arising	from	gold	mining	
activity	in	Johannesburg,	South	Africa	and	environs.	Environmental	Pollution,	122,	29-40.	
NG,	J.	C.	2005.	Environmental	Contamination	of	Arsenic	and	its	Toxicological	Impact	on	Humans.	
Environmental	Chemistry,	2,	146-160.	
NIKOLAIDIS,	N.	P.,	DOBBS,	G.	M.,	CHEN,	J.	&	LACKOVIC,	J.	A.	2004.	Arsenic	mobility	in	contaminated	
lake	sediments.	Environmental	Pollution,	129,	479-487.	
O'DAY,	P.	A.,	VLASSOPOULOS,	D.,	ROOT,	R.,	RIVERA,	N.	&	TUREKIAN,	K.	K.	2004.	The	Influence	of	
Sulfur	and	Iron	on	Dissolved	Arsenic	Concentrations	in	the	Shallow	Subsurface	under	
Changing	Redox	Conditions.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	
States	of	America,	101,	13703-13708.	
OREMLAND,	R.	S.	&	STOLZ,	J.	F.	2005.	Arsenic,	microbes	and	contaminated	aquifers.	Trends	in	
Microbiology,	13,	45	-49.	
OUTRIDGE,	P.	M.	&	WANG,	F.	2015.	The	stability	of	metal	profiles	in	freshwater	and	marine	
sediments.	In:	J.M.BLAIS	(ed.)	Environmental	Contaminants,	Developments	in	
Paleoenvironmental	Research.	Canada:	Springer	Science+Business	Media	Dordrecht.	
PADMAVATHIAMMA,	P.	&	LI,	L.	2007.	Phytoremediation	Technology:	Hyper-accumulation	Metals	in	
Plants.	Water,	Air,	and	Soil	Pollution,	184,	105-126.	
PANAGIOTARAS,	D.,	PANAGOPOULOS,	G.,	PAPOULIS,	D.	&	AVRAMIDIS,	P.	2012.	Arsenic	
geochemistry	in	groundwater	system.	Geochemistry-Earth's	System	Processes.	Intech.	
PARVIAINEN,	A.,	ISOSAARI,	P.,	LOUKOLA-RUSKEENIEMI,	K.,	NIETO,	J.	M.	&	GERVILLA,	F.	2012.	
Occurrence	and	mobility	of	As	in	the	Ylöjärvi	Cu–W–As	mine	tailings.	Journal	of	Geochemical	
Exploration,	114,	36-45.	
PEARCE,	D.	C.,	DOWLING,	K.	&	SIM,	M.	R.	2012.	Cancer	incidence	and	soil	arsenic	exposure	in	a	
historical	gold	mining	area	in	Victoria,	Australia:	A	geospatial	analysis.	Journal	of	Exposure	
Science	and	Environmental	Epidemiology,	22,	248	-	257.	
	 91	
PERSHAGEN,	G.	1983.	The	Epidemiology	of	Human	Arsenic	Exposure.	In:	FOWLER,	B.	A.	(ed.)	
Biological	and	Environmental	Effects	of	Arsenic.	Amsterdam:	Elsevier	Science	Publishers.	
PETERSON,	M.	2005.	Characterization	and	mobilization	of	arsenic	in	various	contaminated	materials.	
Master	of	Science	Thesis,	University	of	Maryland.	
PETTERSON,	M.	G.,	BABBS,	T.,	NEAL,	C.	R.,	MAHONEY,	J.	J.,	SAUNDERS,	A.	D.,	DUNCAN,	R.	A.,	TOLIA,	
D.,	MAGU,	R.,	QOPOTO,	C.	&	MAHOA,	H.	1999.	Geological–tectonic	framework	of	Solomon	
Islands,	SW	Pacific:	crustal	accretion	and	growth	within	an	intra-oceanic	setting.	
Tectonophysics,	301,	35-60.	
POLIZZOTTO,	M.	L.,	HARVEY,	C.	F.,	LI,	G.,	BADRUZZMAN,	B.,	ALI,	A.,	NEWVILLE,	M.,	SUTTON,	S.	&	
FENDORF,	S.	2006.	Solid-phases	and	desorption	processes	of	arsenic	within	Bangladesh	
sediments.	Chemical	Geology,	228,	97-111.	
QUICKSALL,	A.	N.,	BOSTICK,	B.	C.	&	SAMPSON,	M.	L.	2008.	Linking	organic	matter	deposition	and	iron	
mineral	transformations	to	groundwater	arsenic	levels	in	the	Mekong	delta,	Cambodia.	
Applied	Geochemistry,	23,	3088-3098.	
R.T.Z	CONSULTANTS	LTD	1996.	Review	of	Gold	Ridge	1996	Feasibility	Study.	RTZ	Consultants.	
RAHMAN,	M.	M.,	SENGUPTA,	M.	K.	&	CHOWDHURY,	U.	K.	2006.	Arsenic	contamination	incidents	
around	the	world.	In:	NAIDU,	R.,	SMITH,	E.	&	OWENS,	G.	(eds.)	Managing	Arsenic	in	the	
Environment:	From	Soil	to	Human	Health.	Collingwood:	CSIRO	Publishing.	
RAMIREZ-ANDREOTTA,	M.	D.,	BRUSSEAU,	M.	L.,	BEAMER,	P.	&	MAIER,	R.	M.	2013.	Home	gardening	
near	a	mining	site	in	an	arsenic-endemic	region	of	Arizona:	Assessing	arsenic	exposure	dose	
and	risk	via	ingestion	of	home	garden	vegetables,	soils,	and	water.	Science	of	The	Total	
Environment,	454?455,	373-382.	
RAVENSCROFT,	P.,	BRAMMER,	H.	&	RICHARDS,	K.	2009.	Arsenic	Pollution:	A	Global	Synthesis,	United	
Kingdom,	Wiley-Blackwell.	
REIMANN,	C.,	MATSCHULLAT,	J.,	BIRKE,	M.	&	SALMINEN,	R.	2009.	Arsenic	distribution	in	the	
environment:	the	effects	of	scale.	Applied	Geochemistry,	24,	1147	-	1167.	
RIEDEL,	G.	F.,	SANDERS,	J.	G.	&	OSMAN,	R.	W.	1997.	Biogeochemical	Control	on	the	Flux	of	Trace	
Elements	from	Estuarine	Sediments:	Water	Column	Oxygen	Concentrations	and	Benthic	
Infauna.	Estuarine,	Coastal	and	Shelf	Science,	44,	23-38.	
ROUTH,	J.,	BHATTACHARYA,	A.,	SARASWATHY,	A.,	JACKS,	G.	&	BHATTACHARYA,	P.	2007.	Arsenic	
remobilization	from	sediments	contaminated	with	mine	tailings	near	the	Adak	mine	in	
Västerbotten	district	(northern	Sweden).	Journal	of	Geochemical	Exploration,	92,	43-54.	
ROUWANE,	A.,	RABIET,	M.,	GRYBOS,	M.,	BERNARD,	G.	&	GUIBAND,	G.	2016.	Effects	of	NO-3	and	
PO3-4	on	the	release	of	geogenic	arsenic	and	antimony	in	agricultural	wetland	soil:	a	field	
and	laboratory	approach.	Environmental	Science	and	Pollution	Research,	23,	4714-4728.	
RUDNICK,	R.	&	GAO,	S.	(eds.)	2014.	Composition	of	the	Continental	Crust.	
SADIQ,	M.	1997.	Arsenic	chemistry	in	soils:	an	overview	of	thermodynamic	predictions	and	field	
observaitons.	Water,	Air,	and	Soil	Pollution,	93,	117-136.	
SANTRA,	S.	C.,	SAMAL,	A.	C.,	BHATTACHARYA,	P.,	BANERJEE,	S.,	BISWAS,	A.	&	MAJUMDAR,	J.	2013.	
Arsenic	in	Foodchain	and	Community	Health	Risk:	A	Study	in	Gangetic	West	Bengal.	Procedia	
Environmental	Sciences,	18,	2-13.	
SCHOENBERGER,	E.	2016.	Environmentally	sustainable	mining:	The	case	of	tailings	storage	facilities.	
Resources	Policy,	49,	119-128.	
SHUVAEVA,	O.	V.,	BORTNIKOVA,	S.	B.,	KORDA,	T.	M.	&	LAZAVERA,	E.	V.	2000.	Arsenic	Speciation	in	a	
Contaminated	Gold	Processing	Dam.	Geostandards	and	Geoanalytical	Research,	24.	
SIMMLER,	M.,	BOMMER,	J.,	FRISCHKNECHT,	S.,	CHRISTL,	I.,	KOTSEV,	T.	&	KRETSCHMAR,	R.	2017.	
Reductive	solubilization	of	arsenic	in	mining	-	impacted	river	floodplain:	Influence	of	soil	
properties	and	temperature	Environmental	Pollution,	231,	722-731.	
SINGH,	R.,	SINGH,	S.,	PARIHAR,	P.,	SINGH,	V.	P.	&	PRASAD,	S.	M.	2015.	Arsenic	contamination,	
consequences	and	remediation	techniques:	a	review.	Ecotoxicology	and	Environmental	
Safety,	112,	247	-	270.	
	 92	
SMEDLEY,	P.	L.	&	KINNIBURGH,	D.	G.	2001.	Source	and	behavior	of	arsenic	in	natural	waters.	United	
Nations	synthesis	report	on	arsenic	in	drinking	water.	Wallingford,	United	Kingdom:	British	
Geological	Survey.	
SMEDLEY,	P.	L.	&	KINNIBURGH,	D.	G.	2002.	A	review	of	the	source,	behaviour	and	distribution	of	
arsenic	in	natural	waters.	Applied	Geochemistry,	17,	517-568.	
STURM,	K.,	YUAN,	Z.,	GIBBS,	B.,	WERNER,	U.	&	GRINHAM,	A.	2014.	Methane	and	nitrous	oxide	
sources	and	emissions	in	a	subtropical	freshwater	reservoir,	South	East	Queensland,	
Australia.	Biogeosciences,	11,	5245-5258.	
SULTAN,	K.	2007.	Distribution	of	Metals	and	Arsenic	in	Soils	of	Central	Victoria	(Creswick-Ballarat),	
Australia.	Archives	of	environmental	contamination	and	toxicology,	52,	339-346.	
TAMAKI,	S.	&	FRANKENBERGER,	W.	T.	1992.	Environmental	Biochemistry	of	Arsenic.	In:	WARE,	G.	W.	
(ed.)	Reviews	of	Environmental	Contamination	and	Toxicology.	New	York:	Springer.	
THURMAN,	E.	M.	1985.	Organic	geochemistry	of	natural	waters,	Martinus	Nijhoff	and	Dr	W.	Junk	
Publishers.	
TOGAMANA,	C.,	VEHE,	C.	&	MATAKI,	M.	2013.	Assessment	of	Gold	Ridge	Mining	Limited	Request	to	
Dewater	Untreated	Mine	Waste	Water	from	its	Tailings	Storage	Facility.	Honiara:	Ministry	of	
Environment,	Climate	Change,	Disaster	Management	and	Meteorology	and	Ministry	of	
Mines,	Energy	and	Rural	Electrification.	
TOLIA,	D.	H.	&	PETTERSON,	M.	G.	2005.	The	Gold	Ridge	Mine,	Guadalcanal,	Solomon	Islands'	first	
gold	mine:	a	case	study	in	stakeholder	consulation.	Special	publication-Geological	Society	of	
London,	250,	149.	
TSAI,	S.-L.,	SINGH,	S.	&	CHEN,	W.	2009.	Arsenic	metabolism	by	microbes	in	nature	and	the	impact	on	
arsenic	remediation.	Current	Opinion	in	Biotechnology,	20,	659	-	667.	
TUFANO,	K.	J.,	REYES,	C.,	SALTIKOV,	C.	W.	&	FENDORF,	S.	2008.	Reductive	processes	controlling	
arsenic	retention:	revealing	the	relative	importance	of	iron	and	arsenic	reduction.	
Environmental	Science	and	Technology,	42,	8283	-	8289.	
TURUNEN,	K.,	BACKNÄS,	S.,	NEITOLA,	R.	&	PASANEN,	A.	2016.	Factors	Controlling	the	Migration	of	
Tailings-Derived	Arsenic:	A	Case	Study	at	the	Yara	Siilinjärvi	Site.	Mine	Water	and	the	
Environment,	35,	407-420.	
UNEP	&	OCHA	2014.	Gold	Ridge	Tailings	Storage	Facility	Assessment.	United	Nations	Environment	
Program	
United	Nations	Office	for	the	Coordination	of	Humanitarian	Affairs.	
WAINWRIGHT,	E.	2003.	Responding	to	state	failure—the	case	of	Australia	and	Solomon	Islands.	
Australian	Journal	of	International	Affairs,	57,	485-498.	
WALSHAW,	R.	D.	1974.	A	geological	investigation	of	the	gold	bearing	rudites	at	Gold	Ridge,	
Guadalcanal.	Honiara:	Geological	Survey	Division.	
WANG,	C.,	HARBOTTLE,	D.,	LIU,	Q.	&	XU,	Z.	2014.	Current	state	of	fine	mineral	tailings	treatment:	A	
critical	review	on	theory	and	practice.	Minerals	Engineering,	58,	113-131.	
WANG,	S.	2007.	Effect	of	natural	organic	matter	and	a	biosurfactant	on	arsenic	mobilization	from	
mine	tailings.	PhD	Thesis,	Concordia	University.	
WANG,	S.	&	MULLIGAN,	C.	N.	2006a.	Effect	of	natural	organic	matter	on	arsenic	release	from	
soilsand	sediments	into	groundwater.	Environmental	Geochemistry	and	Health,	28,	197-214.	
WANG,	S.	&	MULLIGAN,	C.	N.	2006b.	Occurrence	of	arsenic	contamination	in	Canada:	Sources,	
behavior	and	distribution.	Science	of	The	Total	Environment,	366,	701-721.	
WEBB,	J.	L.	1966.	Enzymes	and	metabolic	inhibitors,	New	York,	Academic	Press.	
WHO	2011a.	Guidelines	for	Drinking	-	Water	Quality,	Geneva,	World	Health	Organisation.	
WHO.	2011b.	Guidelines	for	Drinking-water	Quality	[Online].		[Accessed	8	October	2017].	
WIDERLUND,	A.,	EBENÅ,	G.	&	LANDIN,	J.	2004.	Potential	biogeochemical	and	ecological	development	
of	a	flooded	tailings	impoundment	at	the	Kristineberg	Zn–Cu	mine,	northern	Sweden.	
Science	of	The	Total	Environment,	333,	249-266.	
	 93	
XU,	X.,	CHEN,	C.,	WANG,	P.,	KRETZSCHMAR,	R.	&	ZHAO,	F.-J.	2017a.	Control	of	arsenic	mobilization	in	
paddy	soils	by	manganese	and	iron.	Environmental	Pollution,	231,	37-47.	
XU,	X.,	CHEN,	C.,	WANG,	P.,	KRETZSCHMAR,	R.	&	ZHAO,	F.-J.	2017b.	Control	of	arsenic	mobilization	in	
paddy	soils	by	manganese	and	iron	oxides.	Environmental	Pollution,	231,	37-47.	
YE,	S.,	LAWS,	E.	A.	&	GAMBRELL,	R.	2013.	Trace	element	remobilization	following	the	resuspension	
of	sediments	under	controlled	redox	conditions:	City	Park	Lake,	Baton	Rouge,	LA.	Applied	
Geochemistry,	28,	91-99.	
YUNUS,	M.,	SOHEL,	N.,	HORE,	S.	K.	&	RAHMAN,	M.	2011.	Arsenic	exposure	and	adverse	health	
effects:	A	review	of	recent	findings	from	arsenic	and	health	studies	in	Matlab,	Bangladesh.	
The	Kaohsiung	Journal	of	Medical	Sciences,	27,	371-376.	
YURKEVICH,	N.	V.,	SAEVA,	O.	P.	&	PAL’CHIK,	N.	A.	2012.	Arsenic	mobility	in	two	mine	tailings	
drainage	systems	and	its	removal	from	solution	by	natural	geochemical	barriers.	Applied	
Geochemistry,	27,	2260-2270.	
ZAR,	J.	H.	2013.	Biostatistical	Analysis:	Pearson	New	International	Edition,	Pearson	Higher	Ed.	
ZHENG,	Y.,	STUTE,	M.,	VAN	GEEN,	A.,	GAVRIELI,	I.,	DHAR,	R.,	SIMPSON,	H.	J.,	SCHLOSSER,	P.	&	
AHMED,	K.	M.	2004.	Redox	control	of	arsenic	mobilization	in	Bangladesh	groundwater.	
Applied	Geochemistry,	19,	201-214.	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
	 94	
Appendices 
Appendix A 
Sampling sites, coordinates and results of sediment including sediment 
porewater (PW) arsenic, organic matter (OM) and total organic carbon (TOC). 
	
Site
Sediment	As	
(mg	kg-1)
PW	As	
(mgL-1) OM	(%) TOC	(%) Latitude Longitude Depth
DTSF	1 249 0.21 1.4 0.8 S	09.30684 E	160.09728 -3.8
DTSF	2 308 0.36 1.3 0.8 S	09.30713 E	160.09765 -3.3
DTSF	3 402 0.21 1 0.6 S	09.30765 E	160.09803 -2.9
DTSF	4 258 0.06 1.2 0.7 S	09.30791 E	160.09844 -1.3
DTSF	5 382 0.21 <0.5 <0.5 S	09.51433 E	160.16458 -0.8
DTSF	6 355 0.27 1 0.6 S	09.30893 E	160.09917 -0.6
DTSF	7 522 0.29 0.6 <0.5 S	09.30950 E	160.09963 -0.4
DTSF	8 314 0.19 1.1 0.6 S	09.30981 E	160.09962 -0.7
DTSF	9 540 0.3 1 0.6 S	09.51231 E	160.16121 -3.5
DTSF	10 687 0.48 3.9 2.2 S	09.51267 E	160.16194 -3.5
DTSF	11 554 0.36 0.8 <0.5 S	09.51353 E	160.16296 -3
DTSF	12 654 17.5 1.3 0.8 S	09.51444 E	160.16333 -1.9
DTSF	13 888 8.25 1 0.6 S	09.51537 E	160.16374 -2.4
DTSF	14 305 0.65 1.2 0.7 S	09.51370 E	160.16490 -1.6
DTSF	15 665 2.7 1.3 0.8 S	09.30987 E	160.09874 -1.7
DTSF	16 362 0.25 <0.5 <0.5 S	09.31031 E	160.09943 -1.5
DTSF	17 310 0.2 <0.5 <0.5 S	09.51792 E	160.16591 -1.6
DTSF	18 301 0.05 0.6 <0.5 S	09.31122 E	160.09999 -0.5
DTSF	19 276 0.17 1.1 0.6 S	09.51309 E	160.16141 -3.3
DTSF	20 308 0.45 1.8 1 S	09.51399 E	160.16288 -3
DTSF	21 625 0.9 2.7 1.6 S	09.51495 E	160.16235 -3.2
DTSF	22 663 0.07 <0.5 <0.5 S	09.51625 E	160.11280 -2.7
DTSF	23 289 0.05 1.7 1 S	09.51685 E	160.16318 -2.3
DTSF	24 477 4.3 2.1 1.2 S	09.51705 E	160.16425 -1.8
DTSF	25 1210 2.025 2.7 1.6 S	09.51782 E	160.16464 -1.7
DTSF	26 406 0.68 1.3 0.7 S	09.31095 E	160.09941 -1.7
DTSF	27 313 0.7348 0.8 <0.5 S	09.31140 E	160.09942 -0.4
DTSF	28 404 0.46 0.8 <0.5 S	09.51915 E	160.16643 -0.7
DTSF	29 534 1.2024 1.2 0.7 S	09.30827 E	160.09630 -4.3
DTSF	30 597 1.6199 1.4 0.8 S	09.30880 E	160.09645 -4.5
DTSF	31 340 0.2 1.4 0.8 S	09.51553 E	160.16184 -3.3
DTSF	32 476 0.35 0.9 0.5 S	09.51653 E	160.11200 -2.5
DTSF	33 562 0.05 0.9 0.5 S	09.31030 E	160.09765 -1.6
DTSF	34 303 0.3 2.2 1.2 S	09.51755 E	160.16391 -1.7
DTSF	35 428 0.55 2.1 1.2 S	09.51880 E	160.16457 -1.3
DTSF	36 334 0.29 1 0.6 S	09.51975 E	160.16470 -1.1
DTSF	37 498 0.6 2 1.2 S	09.51462 E	160.15932 -4.5
DTSF	38 417 0.81 2.3 1.3 S	09.51428 E	160.15884 -3.1
DTSF	39 360 0.3 4.4 2.5 S	09.30902 E	160.09616 -4.5
DTSF	40 394 0.06 0.9 0.5 S	09.30931 E	160.09589 -3.2
DTSF	41 465 0.34 1.4 0.8 S	09.51570 E	160.16084 -2.9
DTSF	42 829 0.24 1.4 0.8 S	09.30977 E	160.09533 -2.5
DTSF	43 399 0.55 1.3 0.8 S	09.31027 E	160.09710 -2
DTSF	44 305 0.18 1.3 0.8 S	09.31076 E	160.09733 -0.8
DTSF	45 251 0.84 3 1.8 S	09.30918 E	160.09523 -0.4
DTSF	46 223 0.7348 3 1.7 S	09.30973 E	160.09533 -4.3
DTSF	47 214 0.06 0.7 <0.5 S	09.30985 E	160.09589 -3.6
DTSF	48 210 0.05 1 0.6 S	09.31013 E	160.09580 -2.8
DTSF	49 413 0.99 1.5 0.8 S	09.31013 E	160.09672 -1.9
DTSF	50 316 0.61 2.3 1.3 S	09.31081 E	160.09696 -0.9
Settling	Pond 0.3 S	09.51786 E	160.15894 -5.8
Discharge	Pond 0.28 S	09.51798 E	160.15894 -1.5
Arsenic	Concentrations Coordinates
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Appendix B 
Environmental incidents at the Gold Ridge mine, over a period of 11 months in 
2011 (GRML, 2011) 
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Appendix C 
	
Central Guadalcanal stratigraphy and legend for Figure 1-2. Reproduced from 
(Godfrey et al., 2011b)	
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Appendix D 
	
Gold Ridge gold recovery showing how much of gold is actually recovered and 
how much is lost to waste (Butcher, 2012). 
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Appendix E 
	
Phytostabilisation (Padmavathiamma and Li, 2007) 
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Appendix F 
	
Phytovolatilisation (Padmavathiamma and Li, 2007) 
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Appendix G 
	
Phytoextraction (Padmavathiamma and Li, 2007) 
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Appendix H 
	
Site location for porewater collection and incubation study. 
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Appendix	I	
Gold Ridge – History of Exploration and Mining (Information prepared by 
Mines Division for the purposes of student research) 
Year Company Details of work 
1568 Alvaro de Mendana The Spanish explorer, observed the presence of gold 
near the mouth of the Matepono river, North East 
Guadalcanal. 
1936  A botanist from Queensland, by the name of Kajewski, 
found gold while conducting his work in the Gold Ridge 
catchment area. From then H.J Ault, commanded active 
prospecting of the area that resulted in the tracing of 
alluvial gold back to the soil and bedrock of Gold Ridge. 
1939 Balasuna Syndicate This company applied for and was granted a prospecting 
license which allowed for exploration of the Gold Ridge 
area. Mining leases were also approved for Chovohio and 
Charivunga rivers. Various pits, adits and hydraulic 
sluicing systems were also erected at Gold Ridge for 
mining activities. 
1945 Balasuna Syndicate Previously established equipment had been destroyed 
and thus, not much was done. In 1948, E.R Hudson 
engaged H.J.C Connelly a mining geologist to conduct 
studies on the area.  Connelly’s reports were unfavorable, 
therefore, Balasuna Syndicate discontinued their work. 
1950 Geological Survey British Solomon Islands Geological Survey was initiated. 
As part of their work, further investigations of Gold Ridge 
were made that included extensive geological mapping 
and classifications over 10 weeks under the leadership of 
Mr. Grover 
1955 Geological Survey From detailed mapping and examination of the area, Mr. 
Grover became convinced of the presence of surface 
gold.  
Balasuna Syndicate again applied for and obtained a 
prospecting license over the area. 
1968  Geological Survey                  The volcanic sequence at Gold Ridge was assigned in a 
stratigraphic context, by Mr. Hackman 
1972  Geological Survey Mr. Walshaw from the Geological Institute of London, 
carried out an all-inclusive investigation of the area. His 
investigations included stream sediment and soil 
sampling, soil augering and pitting and “Winkie” drilling. 
The potential for open pit operation was deduced from 
these investigations. 
1974 CRA Exploration Participated in a bid and won a tender for work on Gold 
Ridge. It was later granted a Special Prospecting License 
(SPLC115). Activities undertaken by CRA exploration 
included the construction of a road to Obo Obo (a tambu 
area) pass and a walking track to Gold Ridge. Their 
exploration activities consisted of more augering and 
detailed mapping of identified mineralized areas. 
1983 Amoco Minerals In 1983, a new company, Amoco Minerals, tendered for 
Gold Ridge and was successful in obtaining the Special 
Prospecting License (SPL130). During it’s time, the 
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company completed approximately 3000 m of diamond 
drilling. 
1985 Cyprus Minerals Amoco Minerals was then purchased by Cyprus Minerals 
in 1985.  
Cyprus Minerals conducted over 10000 m of diamond 
drilling for gold mineralization in areas that were 
previously defined as well as in new soil auger 
geochemical anomalies that had been identified. 
1986 Cyprus Minerals 
and Arimco NL 
Cyprus Minerals formed a joint venture with Arimco NL.  
This joint venture company completed a total of 43000m 
of drilling in 4 years.  
Two feasibility studies were commissioned by this joint 
venture in 1990 and 1992. 
1992 Cyprus Minerals 
and Arimco NL 
Joint venture (Cyprus Minerals and Arimco NL) withdrew 
from the Gold Ridge project after expending an excess of 
US$13M on the project. 
1994 Saracen Minerals The Gold Ridge project was once again tendered and 
Saracen Minerals became the successful bidder out of 10 
international companies who had submitted proposals for 
this project. 
In 1995, Saracen Minerals, traded their complete metals 
property portfolio which included gold prospects in 
Vanuatu, Australia and Solomon Islands to Ross Mining. 
1995 – 
2004 
Ross Mining At this point, the Gold Ridge Project area has been 
designated as Special Prospecting License (SPL) 185.  
Following acquisition and organization of agreements and 
access of SPL 185, Ross Mining processed to evaluate 
the project, conducting field work including, road 
upgrading and diamond drilling. 
Diamond drilling provided results for a complete 
assessment of the metallurgical properties of Gold Ridge, 
including the type of ores as well as geological data that 
was essential to understand mineralization of the area.  
Subsequent to a cumulative total of about 32000 m of 
diamond core and reverse circulation drilling, a feasibility 
study was concluded in 1996.   
The Mining Lease (ML 1/1997) was granted on the 12th of 
March 1997, for a period of 25 years over an area of 30 
km2. Construction of the mine commenced in 1997 while 
commercial mining started in August 1998. 
Mine production was from Valehaichichi pit area, 
however, substantial resources still remained in the other 
3 designated pit areas (Namachamata, Kupers and 
Dawsons).  
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In June 2000, after 22 months of operations, Gold Ridge 
Mine project shut down due restricted access and 
damaged infrastructure culminating from the civil unrest. 
By this time, a total of 210,000 ounces of gold had been 
produced. 
However, a month prior to the premature closure of the 
mine, Delta Gold Pty Ltd gained control over Ross 
Mining. This made them the legal owner at the time of 
shutdown. Delta subsequently merged with Goldfields to 
form Aurion Gold. Aurion Gold was later taken over by 
Placer Dome Asia Pacific. The possession was then 
disseminated to American Home Assurance Company 
(AHAC) with the CDC group as secured investors to the 
project. 
In 2004 the project was tendered internationally by AHAC 
and CDC. Australian Solomons Gold Ltd (ASG) was the 
successful contender. 
2004 - 
2009 
Australian 
Solomons Gold 
(ASG) 
Having taken over the reins of Gold Ridge, ASG 
proceeded to raise much needed capital to refurbish the 
mine with the intention for the first gold pour in 2010.  
ASG effected a feasibility from mid 2005 to early 2007. 
ASG contributed a huge amount of both geological and 
mineral resources data to champion the feasibility study, 
even contracting Ausenco International Pty Ltd to finish 
the feasibility study. ASG hoped that they would 
recommence the operations at Gold Ridge, unfortunately, 
they did not. 
2009 - 
2012 
Allied Gold Allied Gold, a publically owned company, listed on both 
the London Stock Exchange and the Australia Stock 
Exchange overtook the Gold Ridge Mining Limited 
(GRML) who were the managers of the mine at the time.  
Allied Gold concluded the refurbishment activities begun 
by ASG in 2011 and in March of the same year, mining 
operations on Gold Ridge commenced with a gold 
production of 32,260 ounces at the end of 2011. 
2012 - 
2015 
St Barbara St Barbara acquired Allied Gold assets (Gold Ridge 
included). In 2014 heavy rains resulting in flash flooding 
contributed to high operating costs which resulted in the 
mine being shut down again 
2015 - 
present 
GoldRidge 
Community 
Investment Ltd 
(GCIL) 
St Barbara sold Gold Ridge to a land-owner controlled 
company GCIL, for AUD $ 100. GCIL enlisted an 
investor/partner called AXF Resources to run the mine. 
AXF is now involved in a second refurbishment of the 
mine, focussing on dewatering of the tailings dam or 
tailings storage facility. They have also commissioned 
Golder and Associates to review the feasibility study and 
hope to commence mining in 2018. 
	
 
	
